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In recent years, the fixation and utilization of carbon dioxide has been the focus of 
intense research, so as to the mitigate the levels of the greenhouse gas released to the 
atmosphere. While carbon capture and storage (CCS) has been rigorously studied for the past 
decade, there has been a paradigm shift towards the fixation and utilization of CO2 as a 
feedstock, to yield fuels and synthetically useful intermediates.  
 In the first part of this thesis, the fixation and utilization of carbon dioxide as a 
feedstock to form methanol was realized by the reduction of CO2 with hydrosilanes over N-
heterocyclic carbene (NHC) organocatalysts. The reaction was found to proceed at ambient 
temperatures and pressures, and was tolerant to oxygen, a feature not found in transition 
metal catalysts. The reaction yielded 90% methanol (based on Si-H) after base hydrolysis. 
The rate of reaction was found to be accelerated with the use of polar aprotic solvents, where 
beneficial Lewis acid-base interactions between the solvent and the hydrosilane reducing 
agent was believed to be the contributing factor. The rate of reaction was also affected by the 
steric hindrance about both the catalytic carbene center, and the electropositive silane center, 
where bulky R’-groups on the carbene catalyst or bulky trisubstituted silanes caused the 
reaction to be sluggish. The reaction mechanism was also investigated, and from our GC-MS 
and NMR monitoring studies, it was found that the reaction took place with the formation of 
formoxysilane and bi-silylacetal intermediates before total reduction to a methoxysilane end 
product.  











Chapter 3 examined the reaction in detail by combining experimental observations with 
density functional theory calculations. Our calculations revealed that the exothermic reaction 
took place with a three-step cascade reaction, in which the energy level of each step of the 
reaction was found to be lower than that of the preceding step, with an overall ∆E value of -
79 kcal/mol. The first hydrosilylation step to form a formoxysilane intermediate was the rate 
determining step with the largest activation energy barrier. This was mirrored in our 
experimental findings, in which the reaction had a tendency to form the silyl methoxide end 
product, and the formoxysilane intermediate was only observed at the initial stages of the 
reaction, even with excess amounts of CO2 in the system. The high selectivity of the reaction 
towards the formation of the silyl methoxide end product, and ultimately, methanol, with over 
95% hydrogen transferring yield (with the use of 1 equiv of CO2) was thus explained.  
The extension of the homogeneous reaction system to a heterogeneous one was also 
realized with the use of polymeric NHC catalyst particles, which acted as the first recyclable 
heterogeneous catalyst for CO2 hydrosilylation. These particles were found to be comparable 
in activity with a homogeneous system, and remained active over several runs. Regeneration 
of spent catalyst was also possible with the simple addition of base. This study, described in 
Chapters 2 and 3, demonstrated the potential of CO2 reduction under mild conditions using 
NHC organocatalysts.  
The second part of the thesis considered the use of CO2 as a tool for organic 
transformations. A simple procedure for the stereoselective coupling of terminal alkynes and 
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thiols under CO2 atmosphere was presented in Chapter 4. To the best of our knowledge, this 
was the first instance of determining stereoselectivity with CO2 as mediator. The reaction 
system was robust and utilized inexpensive, readily available catalysts and substrates. Under 
the optimum reaction conditions, a broad range of aryl alkynes and thiols achieved good to 
high yields, with excellent stereoselectivities. The mechanism of the reaction was studied, 
whereby the stereoselectivity was realized by the formation of an intermediary species of 
propiolic acid from the reaction of terminal alkynes and CO2. Reactions involving aryl 
alkynes with strong electron-withdrawing groups suffered from lower selectivities, but this 
could be circumvented by the use of strong σ-donor ligands and by allowing the reaction to 
stir for 6 h to assist the carboxylation reaction before the addition of thiol. Water was also 
found to play a part as a proton ferry for the reaction, as elucidated with our deuterium 
labeling studies. In this instance, CO2 was used as a tool for organic synthesis, whereby the 
reaction of a substrate with CO2 formed an intermediate for a stereoselective decarboxylation 
reaction. Further extension of this methodology towards decarboxylation-coupling reactions 
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Chapter 1: Carbon Dioxide Fixation and Utilization 
1.1. Background 
The present carbon dioxide concentration in the atmosphere has reached 386 ppm, a 
major increase from the pre-industrial levels of 280 ppm.1 This drastic rise in CO2 
concentration has caused much concern, and was universally deemed as the main cause of 
global warming. Increasing pressure from the public and politicians alike, through vehicles 
such as the United Nations Conference on Climate Change, has motivated countries to 
attempt to curb their CO2 emissions. Such pressure has pushed for research and development 
in technologies for carbon dioxide sequestration, fixation and utilization.  
Carbon capture and storage (CCS) has been the focus of intense research in the past 
decade, with the motivation to mitigate the CO2 that is released to the atmosphere. Such 
processes include the capture of CO2 from sources such as fossil fuel based power plants, and 
the subsequent transport of the captured CO2 for long-term storage. CO2 from smoke stacks 
has been typically captured with liquid amines, such as mono-ethanolamine, with 98% 
capture of CO2 achieved from flue gases.2 Common drawbacks to such systems include the 
toxic and corrosive nature of the amines, and the energy-intensive and inefficient process 
needed to regenerate the amine. Development of inexpensive, solid, porous materials with 
easy adsorption/desorption processes has been examined.3-4 However, overall strategies for 
CCS do not merely involve trapping of CO2 from point sources. They also include the release 
and purification of CO2 from the sorbent, compression for ease of transportation, and long-
term storage. These processes require added energy input that may release CO2. Additionally, 
the long-term storage of CO2 has yet to be fully realized; the current technologies are limited 
to geological storage as carbonates.5  
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With such limitations in CCS, the utilization, as opposed to the capture and storage of 
CO2, is indeed more attractive, especially if the processes of converting CO2 to fuels and 
useful bulk products are economical. For chemists, CO2 is an attractive C1 synthon as it is 
highly functional, abundant and renewable resource that is environmentally friendly.6 
However, CO2 is the stable end product of combustion of carbon-based fuels, and is the most 
oxidized form of carbon. In a recent review, Song outlined several research directions 
concerning CO2 conversion and utilization.7 Some of the research directions will be discussed 
in detail in this chapter, including the development of processes that recycle CO2 as a carbon 
source for fuels, the incorporation of CO2 in synthesis with high atom efficiencies, and the 
exploitation of the unique physical properties of CO2 as a tool for organic synthesis. These 
three areas of research formed the basis for this thesis. 
1.2. Carbon Dioxide as Energy Storage Vehicles 
The promise of a carbon-neutral cycle with energy-rich fuels derived from captured, 
anthropogenic CO2 has generated much interest.8 While the idea shows potential in 
substantially mitigating CO2 emissions and the provision of an alternative, sustainable energy 
source, such transformations require large inputs of energy in the form of thermal or 
electrochemical processes, which limit the widespread utility of this carbon-neutral cycle. 
CO2 is a highly stable molecule, and its use as a C1 synthon and conversion to reduced 
products such as methanol and formic acid necessitate the use of high reaction temperatures, 
optimized reaction conditions and suitably active catalysts. The use of hydrocarbon-based 
fuels for the energy input for such conversions would produce large amounts of CO2. Hence, 
it is imperative to utilize non-hydrocarbon based, renewable sources of energy. 
The methanol economy has been suggested by Olah to be a viable alternative to fossil 
fuels and hydrogen fuel.9 Methanol is commonly used as a feedstock and solvent for many 
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downstream applications in the chemical industry, and its daily consumption reached 50, 000 
tons in 2010.10 The current industrial synthesis of methanol and hydrocarbon fuels involves 
syngas, which is derived from a non-renewable resource, methane. The combination of the 
processes outlined in Equations 1–3, commonly known as tri-reforming, produces the proper 
CO: H2 molar ratios needed for methanol synthesis (Equation 4) at high temperatures of 250– 
300°C, and pressures of 50–100 atm.11 In such conventional syntheses of methanol, CO2 is 
used as to adjust the appropriate CO:H2 ratio for the reaction, known as the water-gas shift 
reaction (Equation 3).  
Scheme 1.1. Industrial Synthesis of Methanol from Syngas  
 CH4 H2O CO 3 H2  (1) 
 2 CO 4 H22 CH4 O2  (2) 
 H2OCO CO2  H2  (3) 
 2 H2CO CH3OH  (4) 
The replacement of a CO feedstock with CO2 is an attractive alternative, and provides 
the potential of CO2 recycling to produce energy-rich products. The use of CO2 as a 
feedstock for methanol synthesis is outlined in outlined in Equations 5 and 6.8a  
Scheme 1.2. Synthesis of Methanol from Carbon Dioxide 
H2CO2 CO H2O  ∆H = +41.14 kJ/gmol (5) 
3 H2CO2 CH3OH H2O  ∆H = -49.43 kJ/gmol (6) 
There are two competing reactions in the hydrogenation of CO2, as outlined in 
Equations 5 and 6. CO2 can react with hydrogen over suitable catalysts in a reverse water-gas 
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shift reaction to form CO (Equation 5), or hydrogenation can occur directly to form methanol 
(Equation 6).  
The indirect production of methanol from CO2 feedstocks exploits the reverse water- 
gas shift reaction to produce CO for the synthesis. The mildly endothermic process requires 
elevated temperatures, and the use of transition metal catalysts. Completion of the reaction is 
driven by the increased pressures of H2 or CO2 feedstock, or the constant removal of water 
from the reactor, both of which would shift the equilibrium to the right. The resulting CO will 
then yield methanol (see Equation 4). Catalysts for the water-gas shift reaction are also active 
for the reverse process. These include cerium, iron-chromium and copper-ZnO complexes, 
each with its own advantages and disadvantages.12 
The direct hydrogenation of CO2 to form methanol is an exothermic process, and is 
favored by lower temperatures and water removal. Catalyst systems for the process has been 
extensively investigated, and Cu/ZnO/ZrO2 catalysts traditionally used for syngas conversion 
were reported.13-14 Cu is the main active catalytic component, while the use of ZnO support is 
proven to be especially beneficial, as ZnO possesses lattice oxygen vacancies with electron 
pairs that are active for methanol synthesis. The presence of oxides such as Ga2O3 and ZrO2 
is known to promote and stabilize the Cu species, improving the selectivity for methanol 
formation. Other catalytic systems that demonstrate such conversions include Au-, Ag- and 
Pd- based systems.14  
The mechanism of the methanol formation from CO2 has been studied extensively, 
but insights into this complex system have been a long-standing challenge. While the 
synthesis of methanol has been generally regarded to occur at the Cu and oxide interface,15 
the identity of the active surface sites for both CO2 and H2 and the oxidation state of the 
active Cu catalysts have been debated. Studies on reaction mechanisms have revealed two 
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pathways in which methanol can be formed from CO2. One pathway involves the formation 
of an intermediate formate species from CO2 on the surfaces of the catalysts,16 which is the 
rate-determining step. The other pathway is via the reverse water-gas shift reaction, followed 
by the hydrogenation of CO.15a,17 
Process limitations to the direct synthesis of methanol from CO2, as opposed to using 
syngas as feedstock, include the formation of H2O from the process, which inhibits catalytic 
activity. While additives of Ga2O3, SiO2 and ZrO2 stabilize the Cu active species, its 
tolerance to water is uncertain.18 Water is known to accelerate Cu and ZnO crystallization, 
causing faster sintering and deactivation.19 Multicomponent catalytic system, 
Cu/ZnO/ZrO2/Al2O3/SiO2 shows a better performance in a laboratory scale-up process, but 
the methanol obtained is of a lower purity and the resulting yield is about 3–10 times lower 
with a pure CO2 feed in comparison with a CO/CO2 feed.16c Such problems can be 
circumvented by tuning the CO/CO2 ratios. Utilizing a pure CO2 feedstock for 
hydrogenation, as opposed to a syngas feedstock, could be less expensive but the cost 
advantage is diminished by the higher consumption and the need for a separate hydrogen 
source. All these factors cast doubts over the economic viability of the production of 
methanol from CO2. On the other hand, advantages of using CO2 as a feedstock include 
renewable, sustainable sources of gaseous feedstock and the easy implementation with the 
retrofitting of current industrial plants. Smaller plants can be delocalized, in contrast to large-
scale localized syn-gas plants, so that transportation of such fuels to the end user can be 
minimized.  
A major limitation of hydrogenation of CO2 to form methanol is the supply of H2. 
While the hydrogen source in syngas is generated from the methane tri-reforming process, 
hydrogenation of CO2 requires a separate source of H2. A renewable H2 source may be 
derived from the electrolysis of water, and this process can be exploited to supply H2 gas to 
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industrial plants. It is also key for the hydrogen generation process to be conducted in close 
proximity to methanol synthesis plants to avoid additional costs for the 
compression/decompression and transport of the gas. Mitsui Chemicals recently began 
operations on a pilot plant for the synthesis of methanol via the concurrent use of a 
photoelectrocatalysis to supply hydrogen from water, using a Cu/ZnO-based hydrogenation 
catalyst.20 Carbon Recycling International has also built a commercial plant with a production 
capacity of 5 million litres of methanol from renewable resources per year.21  
The promise of deriving methanol from CO2 has generated much academic and 
industrial interest. While both hydrogen and CO2 are derived from renewable and sustainable 
sources, there needs to be energy input for the generation, separation and purification of the 
gases from their sources, and their sconversion to methanol. Provision of energy for such 
processes has to be from renewable sources to ensure that the entire process is carbon-neutral. 
The development of new, active and stable catalysts with longer lifetimes is also of great 
importance. Transition metal catalysts are often sensitive to water and the highly oxidizing 
environment. Hence, non-metal catalysts should preferably be used to activate CO2.  
1.3. Carbon Dioxide as a Building Block for Synthetically Useful Intermediates 
The incorporation of carbon dioxide into organic compounds to form synthetically 
useful intermediates and products has been a focus for many research groups in the past 
decade. The commercial utilization of CO2 in the industry has been limited to the synthesis of 
carbamates, urea, salicylic acid, and organic carbonates.6b,8c The areas that have yet to mature 
include other carboxylation reactions.  
The coupling of epoxides with CO2 to form cyclic carbonates and polycarbonates is a 
mature area of research. One of the main thrusts of this research area includes the generation 
of industrially important synthetic materials. For example, polycarbonates are typically used 
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for electronics, medical and healthcare products, due to their strength, durability and 
lightweight properties. Cyclic carbonates are often used as solvents with high boiling and 
flash points, which are particularly advantageous for paint stripping and cleaning processes.22  
 
Scheme 1.3. Coupling of Epoxides with Carbon Dioxide 
O





polycarbonate cyclic carbonate  
The earliest discovery on the copolymerization of epoxides with CO2 to form 
polycarbonates was reported by Inoue and co-workers in 1969.23 Since this seminal work, a 
number of single-site catalysts for the polymerization reaction has been reported, which 
commonly incorporate various metal centers bound to rigid ligands, such as salen or 
porphorins.24 The development of beta-diminate zinc catalysts by Coates was reported 
subsequently.25 Cyclic carbonates are often a side product in such copolymerization processes 
due to their higher thermodynamic stability, and selectivity of the reaction towards 
polycarbonates can be tuned with the use of lower reaction temperatures, the use of additives, 
co-catalysts, and CO2 pressures. The formation of cyclic carbonates has been widely studied, 
and  catalysts that are often employed for the transformation are similar to the ones described 
for the copolymerization process,26 and have been extended to ionic liquid, organocatalytic 
and poly oxo-metalate systems.27 
Just as polycarbonates and cyclic carbonates have widespread applications in the 
industry as raw materials for downstream processing, the synthesis of carboxylic acids is 
important to pharmaceuticals synthesis.28 While there are well-established protocols for the 
preparation of carboxylic acids, such as the oxidation of alcohols or aldehydes and the 
hydrolysis of nitriles and related derivatives, the direct carboxylation of synthetic precursors 
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using CO2 as the electrophile is the most attractive and straightforward method for carboxylic 
acid synthesis.28  





















The insertion of CO2 into a metal-carbon bond is particularly advantageous due to the 
utilization of CO2 as a sustainable source, and the relatively mild reaction conditions. On the 
other hand, such syntheses usually require stoichiometric amounts of expensive and sensitive 
organometallic reagents. Other than organolithium and organomagnesium reagents, 
organocopper29 and organoaluminum30 reagents have also been converted to carboxylic acid 
through CO2 insertion. However, widespread use of these methods are limited by the 
synthesis of the related organometallic reagents, and the limited substrate scope due to the 
high reactivity of the reagents. Recent developments in the direct carboxylation of boron 
esters with with copper31 and rhodium complexes32 have proven to be a significant 
improvement over traditional carboxylation of organomagnesium, organolithium and 
organotin compounds due to the broader substrate scope. Such transformations allowed the 
synthesis of a wide range of functionalized carboxylic acids, including those bearing 
aldehydes, alkenes, aryl halides, oxiranes, nitro groups and alkyne groups. Carboxylation of 
organozinc reagents have also been extensively studied, and the transformation can be 
achieved under mild conditions without the use of a catalyst.33 Such developments of 
carboxylation reactions to form carboxylic acids open up possibilities for a wider substrate 
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scope and better functional group tolerance, and may emerge as competitive and convenient 
carboxylation reactions.  
The oxidative addition of CO2 to unsaturated C-C bonds, mediated by nickel(0) 
complexes to form oxo-nickelacycle, or oxo-π-allylnickel complexes, can be exploited to 
form α,β-unsaturated carboxylic acids or 1,4-dicarboxylic acids.34 Such attempts at 
carboxylation required a stoichiometric amount of Ni(0) complexes, and hence, not 
economically viable in the large scale. Recent developments have emerged, utilizing catalytic 
amounts of organometallic complexes for the hydrocarboxylation process. Palladium 
complexes were reported to be efficient catalysts for the reductive carboxylation of alkenes,35 
allenes36 and dienes,37 while the research groups of Tsuji and Ma have recently reported 
elegant and useful methods for the synthesis of α,β’-unsaturated carboxylic acids through the 
reductive carboxylation of internal alkynes.38 These exciting developments have indeed 
generated much interest, and the utility of such methods to synthesize unsaturated carboxylic 
acids under mild conditions can be expanded for the synthesis of pharmaceuticals and 
industrially useful intermediates. 
Recently, there has been a surge of interest toward the direct carboxylation of 
activated C-H bonds, with CO2 as a C1 source. The main motivation of such work was the 
elimination of multistep syntheses of nucleophilic precursors, and the use of sensitive 
precursors and reducing agents. Carboxylation of sp-carbons have been reported by Inoue in 
1994, whereby terminal alkynes can successfully be converted to propiolic acids,39 and 
interest in this area was renewed recently.40 Carboxylation of aromatic heterocycles has also 
been a common focus of recent research, where the C(2)-H bond is found to be weakly 
acidic, and can be easily deprotonated in the presence of a suitable base.41 A chelation- 
assisted carboxylation of activated arenes has also been reported.42 
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Although the direct carboxylation of organic substrates offers promise in the synthesis 
of synthetically useful intermediates, its widespread industrial application has yet to be 
realized. The processes are often specific for a certain substrate, representing a small 
contribution towards reducing the amount of atmospheric CO2 due to the limited scope of 
application. In contrast, the synthesis of urea and salicylic acid utilizes 70 million tonnes of 
CO2 annually6c,8c due to the prevalent nature of such chemicals as bulk commodities. The 
carboxylation reactions outlined above and the synthesis of their reactive precursors would 
also require inputs of energy, which would in turn release anthropogenic CO2. It is thus 
imperative to develop processes that operate at ambient temperatures and pressures, and use 
green or readily available synthetic precursors.  
1.4. Carbon Dioxide as a Tool for Organic Transformations 
The use of CO2 in organic transformations has been mostly limited as a supercritical 
fluid for extractions and as a solvent. The critical point for CO2 is characterized by its critical 
temperature, Tc = 31.1°C and critical pressure, Pc = 73.8 bar. Supercritical CO2 (ScCO2) is a 
responsive solvent, in which the density of the fluid is determined by small changes in 
pressure and temperatures, allowing for ease of separation of mixtures containing compounds 
of different solubilities. The main attraction of using ScCO2 as a solvent includes the mild 
critical conditions, the low cost of CO2 source, and also its benign character in comparison 
with hydrocarbon-based organic solvents.  
A promising method for the CO2 utilization lies in its use as a soft oxidant. 
Industrially, CO2 has been employed as a mild oxidant for the dehydrogenation of 
ethylbenzene to form styrene.43 There has also been recent publications on the use of CO2 as 
an oxidant for controlled oxidation reactions.44 Expansion of the research area to include 
other substrates would be of great interest.  
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The unique properties of CO2 can be further exploited as a tool to effect selectivities. 
In this case, the use of carboxylation protocols outlined in Section 1.3 could be used to form 
intermediates that would render them as transitional species for the subsequent reaction. 
 
1.5. Research Objectives 
The first half of this thesis will present an alternative method for methanol production, 
using CO2 as a feedstock over non-metal based catalysts. Instead of a hydrogen feedstock 
and activation of CO2 over metal catalysts, N-heterocyclic carbene (NHC) organocatalysts 
will be used to activate CO2 and its reduction by hydrosilanes. The effects of catalysts, 
reducing agents and solvent will be considered in the reaction optimization. The system’s 
tolerance to oxygen and moisture will also be examined. Chapter 3 will investigate the 
reaction mechanism in detail, which will be supported by density functional theory 
calculations. The development of a heterogeneous, polymeric NHC catalyst will also be 
described.   
The second half of the thesis will examine the use of CO2 as a tool for organic 
transformations. The presence of CO2 in the reaction medium is used to control the 
stereoselective hydrothiolation of alkynes. Optimization of the reaction conditions and 
substrate scope expansion will be studied, along with the elucidation of the reaction 
mechanism. The stereoselectivity of the transformation is realized in a direct carboxylation 
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Chapter 2: Conversion of Carbon Dioxide to Methanol with Silanes Over N-
Heterocyclic Carbene Catalysts 
2.1. Introduction 
CO2 is attractive as a renewable carbon source and an environmentally friendly 
chemical reagent.1-4 Significant efforts have been devoted towards exploring technologies for 
CO2 transformation, whereby metal catalysts played a key role.5-10 The activation of carbon 
dioxide with organocatalyst is an area that is underdeveloped, and using N-heterocyclic 
carbenes (NHCs) for such an application is of interest. NHCs have been well established as 
organocatalysts and ligands in organic synthesis.11-14 With a lone pair of electrons on the C1 
carbon in the 5-membered ring, NHCs could behave as nucleophiles, and they have the 
ability to catalyze polarity reversal, umpolung. It has been known that nucleophilic NHCs 
could activate CO2 to form imidazolium carboxylates, and the reversible carboxylation-
decarboxylation process has been systematically studied.15-16 However, studies on the 
application of such carboxylates in organic chemistry have been limited. Air- and moisture- 
stable imidazolium carboxylates were exploited as precursors for the formation NHC-metal 
complexes, and the thermal decarboxylation conditions employed for such syntheses proved 
to be mild, as compared to the traditional syntheses of such complexes.17 The transfer of a N-
Heterocyclic carbene ligand to [Rh(cod)Cl2] with such imidazolium carboxylates at elevated 
temperatures with short reaction times, proved to be easy and highly tolerant towards the 
presence of water, and could also be expanded to other organometallic compounds of 
palladium, iridium and ruthenium.17a-b The relatively mild decarboxylation conditions were 
also utilized in the synthesis of halogen-free ionic liquids.18 The transfer of the carboxylate 
group to ketone substrates, promoted by sodium and potassium ions, to other substrates were 
also reported.19  
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Scheme 2.1. Applications of Imidazolium Carboxylates 
 
We believe that the reversible uptake and release of CO2 from the imidazolium 
carboxylates, coupled with the closing of a catalytic cycle with NHCs may supply a new and 
exciting metal-free protocol for CO2 transformation. In this work, we wish to utilize the 
nucleophilicity of the CO2 moiety of the NHC-CO2 adduct, in contrast to the reversible 
carboxylation-decarboxylation cycle exploited by previous groups. We envision the use of 
hydrosilanes in the reaction as a hydride donor to activated carbon dioxide, reducing CO2 
ultimately to methoxide end products (see Scheme 2.3). The application of the nucleophilic 
CO2 moiety of the NHC-CO2 adduct was also employed by Ikariya and co-workers. A 
catalytic cycle was proposed for the carboxylative cyclicization of propargylic alcohols, and 
the reaction was carried out under mild conditions.20  





While hydrosilylation of carbonyl compounds have been extensively studied and 
documented,21 only several reports of hydrosilylation of CO2 were found. Similar to the 
hydrosilylation of carbonyls, the catalytic reduction of CO2 with hydrosilane would be 
favorable and expected to proceed exothermically, due to the formation of stable Si-O bonds. 
This would provide a possible pathway for the utilization of CO2. However, the development 
of highly active and robust catalysts for such a reaction remains a major scientific challenge. 
Previous reports of the addition of hydrosilane to CO2 involved the use of active transition 
metal complexes as catalysts. Ruthenium(II) complexes were first reported for the 
hydrosilylation of CO2 in 1981, yielding the formoxysilanes, in 14% yield in 10 hours, at a 
reaction temperature of 100°C.22 More recently, Pitter and co-workers reported the use of  
ruthenium(III)-acetonitrile complexes for the same transformation, with a lower reaction 
temperature of 70% and isolated yields of up to 34%.23–25 The Ru(III) complex was described 
as a precatalyst that needed activation by silanes to from a Ru(II) – hydride complex. 
Subsequent coordination of CO2 to the metal center and the formation of a Si-O bond 
resulted in the reductive elimination of the formoxysilane.25 In these reports, there was no 
further hydrosilylation of the formoxysilanes occurred, after an extended reaction time or 
presence of excess silanes . In contrast,the hydrosilylation of the carbon dioxide to form a 
silyl methoxide end product was reported to be catalyzed by iridium complexes at near 
ambient temperatures and pressures by Eisenberg, in which a formoxysilane intermediate was 
observed to undergo further reduction in the presence of excess silanes to form a bis-
silylacetal intermediate and the final methoxysilane.26 A common feature of such catalytic 
systems involving transition metals included the oxidative addition of the hydrosilane and the 
coordination of CO2 to the active metal center, and the regeneration of the active catalyst by 
the reductive elimination of the formoxysilane, as a final product25 or intermediate.26 A 
zwitterionic zirconium-borane complex was reported for the homogeneous reduction of CO2 
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with hydrosilanes to methane by Matsuo and Kawaguchi in 2006.27 The reduction protocol 
included a concerted reduction of CO2 to a bis-silylacetal intermediate by a zwitterionic 
zirconium-borane complex with hydrosilanes, and the reduction of the resultant intermediate 
to methane by a hydrosilane-B(C6F5)3 adduct. The practicality of applications of these 
different systems was limited by the sensitivity to air and moisture, as well as the low 
activities of the organometallic catalysts employed. Herein we describe the first 
hydrosilylation of CO2 using an organocatalyst. The stable NHC catalysts allowed CO2 to be 
effectively converted to methanol under very mild conditions, and allowed the use of air as a 
feedstock.  




R3SiOH CH3OH  
 
2.2. Materials and Methods 
2.2.1. General Information.  
All solvents and chemicals were used as received from commercial suppliers, unless 
otherwise noted. Dry solvents and glove box (Argon Innovative Technologies Inc.) were used 
for the set up of reactions. Various imidazolium salts and silanes were purchased from 
Sigma-Aldrich. Imes-CO2 was synthesized according to literature.16 CO2, O2 and purified air 
were supplied by SOXAL, while 13C-enriched CO2 was purchased from Sigma-Aldrich. GC-
MS analyses were performed on a Shimadzu GCMS QP2010 system, while gas 
chromatography (GC) analyses were conducted on an Agilent GC6890N system. 1H and 13C 





2.2.2. Hydrosilylation of CO2 
Imidazolium salt (0.25 mmol) and sodium hydride (0.25 mmol) were dissolved in 0.5 
mL of solvent in a crimp top vial, and stirred for a minimum of 30 min for the carbene to be 
generated (0.5 mmol/mL solution). The solution was then centrifuged so that the inorganic 
salts resulting from deprotonation would settle at the bottom of the vial. 0.2 mL of the 
carbene solution was transferred into a fresh vial, and 1.8 mL of solvent was introduced. The 
vial was sealed, and CO2 was introduced into the vial via a balloon. The reaction was allowed 
to stir for 10 min, after which 1 mmol of silane was introduced. An internal standard of 
mesitylene was added (0.5 mmol). Aliquots of the reaction mixture was withdrawn after 
specified reaction periods, and diluted with methylene chloride before the GC-MS analysis. 
For conversion studies, a GC calibration curve was constructed with mesitylene and various 
concentrations of diphenylsilane. Aliquots were drawn from the reaction mixture at hourly 
intervals, and diluted with methylene chloride before the GC analysis.              
2.2.3. Using Dry Air as Feedstock.  
For reactions with dry air, a compressed air supply was passed though a calcium 
sulfate drying tube before being bubbled into the reaction mixture. A sample from the 
reaction mixture was subjected to GC-MS analysis. An analogous reaction was also 
performed with air supplied from a balloon. 
2.2.4. Hydrolysis of Reaction Mixture to Release Methanol.  
To produce methanol via hydrolysis of the reaction mixture, the reaction was 
quenched after 18 h by adding 2 equivalents of NaOH/H2O solution. It was stirred for 
another 24 h before an aliquot of isopropyl alcohol was added as an internal standard. An 
aliquot of 1 mL was removed from the sample and diluted with dichloromethane before the 
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resulting mixture was subjected to GC analysis with an Agilent HP-5 column ((5%-phenyl)-
methylpolysiloxane bonded phase).  
2.3. Results and Discussion 
2.3.1. Initial Reactions 
A typical reaction was conducted by dissolving 1,3-bis-(2,4,6-
trimethylphenyl)imidazolium carboxylate16 1 (Imes-CO2, 0.1 mmol) in 2 mL of N,N-
dimethylformamide (DMF) in a vial; CO2 was introduced via a balloon. 1 mmol of 
diphenylsilane was introduced to the vial, and the reaction mixture was stirred at room 
temperature. The reaction was monitored by gas chromatography-mass spectrometry (GC-
MS) (see Figure 2.1). It was found that diphenylsilane was fully consumed in 6 h. The 
expected formoxysilane products occurred as a minor product in the early stages of the 
reaction, disappearing as the reaction progressed. These formoxysilanes were only observed 
in our GC-MS monitoring for reactions run in THF solvent, as the reactions were slower in 
the solvent. Further studies showed that the reaction intermediates, diphenyldiformoxysilane 
(Ph2Si(OCHO)2) and diphenylformoxysilane (Ph2SiH(OCHO)), were not stable. They 
underwent further reduction to bis(silyl)acetal (Ph2HSi-O-CH2-O-SiHPh2) and 
silylmethoxide (Ph2HSi-OMe) type of compounds.  
The reaction was also performed in a deuterated solvent, DMF-D7, and proton nuclear 
magnetic resonance (NMR) spectroscopy was recorded after 90 min and 24 h. A major group 
of peaks was observed at ~3.5 ppm, corresponding to methoxide products.  Some minor 
peaks at 4.5–5.0 ppm and 8.5 ppm were also identified, corresponding to silylacetal and 






Fig. 2.1. Intermediates observed in GC-MS spectra after 1 h of reaction. Reaction conditions: 
CO2 balloon, 1 mmol of Ph2SiH2, 0.1 mmol of Imes-CO2 catalyst, in (a) 2 mL THF and (b) 2 
mL DMF. (a) Starting material and two products were detected by GC-MS: Ph2SiH2, MW = 
186, tr = 10.8 min; Ph2Si(OCOH)2, MW = 272, tr = 13.9 min; (Ph2SiH)2O, MW = 382, tr = 
22.1 min. (b) Starting material and four products were detected by GC-MS: Ph2SiH2, MW = 
186, tr = 10.8 min; Ph2Si(OMe)2, MW = 244, tr = 14.2 min; (Ph2SiH)2O, MW = 382, tr = 






Fig. 2.2. 1H NMR spectra of NMR tube reaction of CO2, diphenylsilane, Imes-CO2 catalyst 1 
(5 mol%) in DMF-d7, after (a) 90 min and (b) 24 h. Spectra clearly show the conversion from 
silane to formoxysilane and bis-silylacetal intermediates, before forming silyl methoxide end 
products. (*) corresponds to R3-Si-O(CO)H, (#) corresponds to R3-Si-H, (♦) corresponds to 
R3-Si-O-CH2-O-Si-R3, and (♥) corresponds to R3-Si-O-CH3. 
 
2.3.2. 13C NMR Monitoring Studies  
To further investigate the intervening processes of the reaction, we proceeded to 
perform the reaction with isotopically enriched 13CO2 (99 at% 13C). 13CO2 was introduced 
into an NMR tube fitted with a J. Young valve that contained 0.1 mmol of silane and 0.01 
mmol of imidazolium carboxylate in DMF-d7 solvent. The reaction was monitored with 13C 
proton decoupled NMR spectroscopy. Within 90 min, 3 groups of new peaks appeared: (i) ~ 
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160 ppm, corresponding to the formation of formoxysilanes and; (ii) ~ 85 ppm, indicating the 
formation of silylacetal (R3-Si-O-CH2-O-Si- R3) intermediates, and (iii) ~ 50 ppm, 
associated with methoxide (R3-Si-OMe) products. As the reaction progressed, the relative 
intensity of the peak at 85 ppm decreased, while that at 50 ppm increased, confirming that the 
silylacetal intermediates further reacted to form methoxide products (see Fig. 2.3). 13C 
coupled 1H (gated decoupling) NMR experiments were also performed. The peak 
corresponding to 85 ppm split into a triplet and the peak at 50 ppm split into a quartet, with a 
coupling constant of 168.1 and 142.9 Hz, respectively. This observation clearly confirmed 
that CO2 was catalytically reduced to methoxide products with hydrosilane as the hydrogen 
source. The reaction proceeded rapidly at room temperature. After 90 min, about 50% of the 
hydrogen atoms from the hydrosilane was converted to methoxide as shown by proton NMR 
analysis. This conversion increased up to 90% after 24 h of reaction. These results indicated 
that NHCs were highly efficient catalysts for this reaction, as compared to transition metal 
catalysts that required weeks to obtain the final reduction products.27 Our study also showed 
that an excess amount of the silane led to a much faster rate with the same final methoxide 










































Fig. 2.3. 13C NMR spectra of NMR tube reaction of 13CO2, diphenylsilane, Imes-CO2 
catalyst 1 (5 mol%) in DMF-d7. A, B and D are proton decoupling spectra; C shows the 
spectrum in the absence of proton decoupling. Spectra A and B show the conversion of 13CO2 
(*) to 13CH2(OSiR3)2 (▼) to 13CH3O-SiR3 (#). D shows that all 13CO2 was converted to 
13CH3O-SiR3 24 h after additional silane was introduced to the NMR tube in B. 
 
2.3.3. Screening of Variables 
2.3.3.1. Solvents and Bases used 
Reactions were performed with carbene catalyst generated in situ by treatment of 
imidazolium salts with a strong base. The subsequent introduction of CO2 to the reaction 
vessel gave the same activity as the imidazolium carboxylate. The reaction worked well if a 
non-nucleophilic base was used for the in situ generation of the carbene moiety. The counter 
anions from nucleophilic bases, such as potassium t-butoxide, might react with the 
electropositive silane to form t-butoxide-silane adducts as undesired by-products. Sodium 
hydride and potassium hexadimethylsilazane were found to be excellent bases for the 
reaction, while the use of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) did not materialize any 
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reaction. Control reactions with only base present did not give any CO2 reduction products. 
Reaction with isolated pure Imes-CO2 also indicated the catalytic role of NHCs in this 
reaction. The reaction generally worked well in polar aprotic solvents; DMF, tetrahydrofuran 
(THF) and acetonitrile were found to be good solvents for this reaction. However, the 
reactions were slower in THF and acetonitrile. This is because DMF, as a Lewis base, will 
also take the role in activation of silane and speeding up the reaction. The use of methanol as 
a solvent resulted in nucleophilic methoxide addition to the hydrosilane. No reaction was 
observed in CH2Cl2. 
 
Table 2.1. Hydrosilylation of CO2 with Diphenylsilane Catalyzed by Imes-CO2 1.[a] 
 
[a] Reaction conditions: 1 mmol of diphenylsilane, CO2 balloon, 2 ml of DMF, room 
temperature. [b] Time required for the full consumption of diphenylsilane. [c] No reaction. 
 
For the reduction of CO2, the NHC catalyst was active even at a very low 
concentrations. Diphenylsilane was fully consumed and converted with a NHC catalyst 
concentration as low as 0.05 mol%. This was atypical for reactions catalyzed by organic 
molecules, as a typical drawback for organo catalysis has been the relatively low catalytic 
efficiency as compared to organometallic catalysis. However, in this work, the NHC organo 
Entry 
Catalyst loading  
[mol% of Si-H] 
Solvent Time [h][b] 
1 1.25 DMF 24 
2 1.25 THF 30 
3 1.25 MeCN 88 
4 1.25 CH2Cl2 ―[c] 
5 5.00 DMF 6 
6 0.50 DMF 30 
7 0.25 DMF 40 
8 0.05 DMF 72 
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catalysts demonstrated remarkably high activity for the CO2 hydrosilylation reaction, as 
compared to organometallic catalysts. The turnover number (TON) and turnover frequency 
(TOF) for NHC catalyst in this reaction, at ambient conditions, reached 1840 and 25.5 h-1, 
respectively, which were very high for organocatalytic processes. In contrast, TONs and 
TOFs of only 92 and 0.54 h-1, were achieved for zirconium catalyst,27 and 78–400 and 2.8–
17, were achieved for ruthenium catalysts under an elevated temperature and high CO2 
pressure (40 atm).23-25 Ir(CN)(CO)(dppe) catalyst produced similar Si-OMe end-product with 
very low efficiencies (TON = 2.28, TOF = 0.007 h-1).26 These results demonstrated that 
nucleophilic NHCs acted as an excellent CO2 activator and there is a great potential to 
develop CO2 fixation protocols with various NHC catalysts.   
 
2.3.3.2. NHCs and Silanes used 
A variety of NHC ligands were investigated for CO2 reduction with diphenylsilane. In 
general, all NHCs examined were effective for CO2 reduction. It was observed that the 
reaction was sensitive to steric bulk around the carbene centre; where NHCs with less bulky 
substitutions offered higher efficiencies. To illustrate, a carbene generated from a simple 
imidazolium salt, 1-butyl-3-methyl imidazolium chloride (Entry 1, Table 2.2), led to the 
complete consumption of diphenylsilane in 4 h, as compared to a carbene generated from a 
tertiary butyl substituted imidizolium salt (Entry 3, Table 2.2), which needed 10 h to for the 
same transformation.  
The sensitivity of the reaction towards steric hindrance was also reflected in the use of 
various hydrosilanes. Investigations were done with various hydrosilanes, with 
mesitylimidazolylidene as the catalyst, and it was found that the reaction was sensitive to 
steric hindrance around the substrate Si-H bond. Reactions with tri-substituted silanes, such 
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as triphenylsilane, diphenylmethylsilane and triethylsilane, were sluggish or inactive, as 
compared to the fast reactions when phenylsilane was utilized as a substrate. 
 
Table 2.2. Catalytic Efficiency of Various NHC Catalysts.[a] 
Entry Catalyst  
Loading  
[mol% of Si-H] 
Time [h][b] 
1 N N  5 4 



















[a] Reaction conditions: 1 mmol of diphenylsilane, CO2 balloon, 2 ml of DMF, room 
temperature. [b] Time required for the full consumption of diphenylsilane. 
 
2.3.4. Proposed Mechanism 
The detailed mechanism for the overall catalytic system remained unclear, but herein 
we propose a possible reaction pathway that was based on spectrometrically and 
spectroscopically observed intermediates (Scheme 2). Our proposed mechanism included the 
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initial formation of an imidazolium carboxylate, via a nucleophilic attack of the carbene 
center to the electrophilic carbon center of carbon dioxide. This adduct would then be more 
reactive towards silanes, whereby the Si-H bond might also be activated by a free carbene.28-
29 The carboxyl moiety of imidazolium carboxylate would attack the electropositive silane 
center and promote hydride transfer to form a formoxysilanes 2 (diphenyldiformoxysilane, 
Ph2Si(OCHO)2)  and 3 (diphenylformoxysilane Ph2SiH(OCHO)), and release the NHC 
catalyst. The formoxysilane was a key intermediate for the catalytic cycle, and would react 
with other free hydrosilanes in the presence of the NHC catalyst. This would result in a few 
other intermediates 4 bis(silyl)acetal intermediate (Ph2HSi-O-CH2-O-SiHPh2), 5 (methoxide 
intermediates, Ph2SiHOMe) and (Ph2HSi)2O 6, and the final methoxide products 
Ph2Si(OMe)2 7 and (Ph2(MeO)Si-O-)n 8. This catalytic cycle would continue until the 
supply of hydrosilane as a hydride donor has been exhausted. Intermediates 2, 3, 4, 6 and 7 
suggested in Scheme 2 have been detected by GC-MS and NMR spectroscopy. The reaction 
mechanism was elucidated and discussed in further detail in Chapter 3. 
 

































































































2.3.5. Isolation of Key Intermediate, Formoxysilanes 
Efforts to isolate the formoxysilane intermediates from the reaction were not 
successful due to the unstable nature and short lifetime of the intermediates. Introduction of 
bulky alcohols to stabilize the formoxysilane intermediates was assessed as a strategy. When 
the reaction mixture was spiked with phenol, a stable intermediate – substituted 
formoxysilane (Ph2Si(OCHO)(OC(O)OPh)) 9 – was isolated as a mixture with Ph2Si(OPh)2 
byproduct, as depicted in Fig. 2.4.  
 
 
Fig. 2.4. GC-MS spectrum of a typical reaction, with the addition of 2 equivalents of phenol 
as a solution in DMF. The reaction was monitored via GC-MS, and the solvent was removed 
in vacuo. Two products were detected by GC-MS, (Ph2Si(OCHO)(OC(O)OPh), MW = 364, 
tr = 17.2 min; Ph2Si(OPh)2, MW = 368, tr = 21.4 min. 
 
2.3.6. Tolerance of the reaction mixture to oxygen and air 
Conventional transition metal catalysts for CO2 reduction with silanes are usually 
highly oxygen-sensitive, which limit their practical applications. In contrast, our NHC 
catalysts are tolerant to oxygen. Reaction with a mixed CO2/O2 (1:1) feedstock offered the 
same results as that with a pure CO2 feedstock, as seen in the GC-MS spectra (Figure 2.5). 
When dry air was used as a feedstock in CO2 reduction with diphenylsilane over 
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mesitylimidazolylidene catalyst, the reaction proceeded smoothly to form the intermediates 
and the methoxide end product of the hydrosilylation reaction. Experiments using a dry air 
feedstock took a week for the complete consumption of the diphenylsilane starting material, 
and this was attributed to the low concentration of CO2 in air (0.038%). As such, this 
demonstrated the practicality of our system in the transformation of CO2 in dry air feedstock 
to methanol, which would be highly attractive for further development.  
 
Fig. 2.5. GC-MS spectrum of the reaction after 18 h of reaction, using a feedstock of 1:1 
CO2/O2 balloon. Reaction conditions: CO2/O2 (volume ratio = 1:1) balloon, 1 mmol of 
Ph2SiH2, 0.1 mmol of Imes-CO2 catalyst, and 2 ml of DMF. All Ph2SiH2 was consumed. 
The peak at 6.8 min was associated with the external standard. Four products were detected 
by GC-MS, Ph2Si(OMe)2, MW = 244, tr = 14.2 min; (Ph2SiH)2O, MW = 382, tr = 22.0 min; 
(Ph2SiHO)2CH2, MW = 412, tr = 22.8 min; (Ph2Si(OMe)O)2CH2, MW = 472, tr = 23.5 min. 
 
2.3.7. Hydrolysis 
To convert CO2 to methanol, the CO2 reduction product was subjected to hydrolysis. 
Two equivalents of NaOH/H2O were added to a typical CO2 reduction mixture of 
diphenylsilane and mesitylimidazolylidene catalyst after a reaction period of 24 h. Methanol 





2.4. Summary  
In conclusion, this study reports the first N-heterocyclic carbene (NHC) catalyzed 
CO2 reduction reaction with silane under ambient conditions. Compared to transition metal 
catalysts, NHCs present superior efficiency, and allow for the use of milder and more flexible 
reaction conditions. The catalytic reduction of CO2 by NHCs also provides for a highly 
selective methoxide end-product in excess of 90% hydrogen transferring yield with gaseous 
CO2 or dry air as feedstock. This approach offers a very promising chemical CO2 activation 
and fixation protocol. The intermediary processes of the mechanism will be further discussed 
in Chapter 3. 
 
2.5. Notes 
This work was published in March 2009: S. N. Riduan, Y. Zhang, J. Y. Ying,   
“Conversion of Carbon Dioxide to Methanol with Silanes Over N-Heterocyclic Carbene 
Catalysts,” Angew. Chem. Int. Ed., 2009, 48, 3322–3325. 
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Chapter 3: Mechanistic Insights into the Reduction of Carbon Dioxide to Methanol with 
Silanes Over N-Heterocyclic Carbene Catalysts 
3.1. Introduction 
  The rise in CO2 concentration in the atmosphere has  prompted many research efforts on 
CO2 fixation and utilization. Technologies involving the use of CO2 as a C1 feedstock has seen 
major advancement in recent years.1 Several notable recent examples include the conversion of 
CO2 to fuels via chemical2 or photochemical3 means, CO2 as a co-monomer in the synthesis of 
polycarbonates4 and as a starting material for the synthesis of motifs commonly found in 
pharmaceuticals.5 Since the report of our successful reduction of CO2 to methanol, via an 
organocatalyzed hydrosilylation process,2d a number of publications have ensued. The use of 
frustrated Lewis pairs, first mooted by the research groups of Stephan and Erker, has been 
applied to heterolytically activate H2,6 and more recently, it was shown to reversibly uptake and 
release CO2.7 A recent report on the room-temperature reduction of CO2 to methanol with a 
frustrated Lewis pair of aluminum and phosphines, with ammonia borane as a hydride donor 
yielded up to 51% methanol in NMR yield.8 The same reduction with 4 equivalents of 
tetramethylpiperidine-boron based frustrated Lewis pairs in an atmosphere of H2 resulted in 
quantitative conversion with 25% isolated methanol yield.9 The same tetramethylpiperidine-
boron based frustrated Lewis pair system was used in combination with triethylsilane as a 
reductant to yield methane.10 The reduction of CO2 catalyzed by transition metal complexes are 
still widely studied, with a recent report on an efficient nickel catalyst for the reduction of CO2, 
with boron as a sacrificial reductant.11 These recent reports illustrate that the catalytic reduction 
of CO2 to methanol remains a research area of high interest, as it may be a viable alternative for 
the industrial synthesis of methanol from CO2. Although such reactions are still in the research 
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stage, it is important to understand their underlying mechanisms, so as to bring about major 
advances in this field.12 
  Recently, Wang’s group13 reported a detailed computational mechanistic study on the N-
hetercyclic carbene (NHC) catalyzed CO2 reduction to methanol with hydrsilane that we 
reported in 2009.2d However, we have found that their calculated mechanism was partially 
inconsistent with our experimental results. Herein we report on new insights into the 
hydrosilylation of CO2 with NHCs by combining experiments with density functional theory 
(DFT) calculations. We also report the extension from homogeneous NHC catalysts to recyclable 
heterogeneous poly-NHC catalysts. 
3.2. Materials and Methods 
3.2.1. General Information  
All solvents and chemicals were used as received from commercial suppliers, unless 
otherwise noted. Dry solvents and an argon gas equipped glove box (Innovative Technologies, 
Inc.) were used for the set up of reactions. Various imidazolium salts and silanes were purchased 
from Sigma-Aldrich. Imes-CO2 was synthesized according to the protocol detailed in literature.14 
CO2, O2 and purified air were supplied by SOXAL, while 13C-enriched CO2 was purchased 
from Sigma-Aldrich. GC-MS analyses were performed on a Shimadzu GCMS QP2010 system, 
while gas chromatography (GC) analyses were conducted on an Agilent GC6890N system. 1H 
and 13C NMR spectra were recorded on Bruker AV-400 instrument (400 MHz). Poly-NHC 
particles were synthesized based on literature.15 Elemental analyses were performed at the 
Chemical, Molecular, and Materials Analysis Centre, National University of Singapore. PA-
FTIR spectra were recorded on a Digilab FTS 7000 FTIR spectrometer equipped with a MTEC-
300 photoacoustic detector. 
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3.2.2. DFT Calculations 
The DFT calculations were performed with the Gaussian 03 software.16 The exchange-
correlation function employed was dubbed Becke, three-parameter, Lee-Yang-Parr (B3LYP),17 
which included a fraction of Hartree-Fock exchange to reduce the self-interaction error.  In this 
study, the 6-31(G) basis sets were used. After fully optimizing the structure of each compound, 
the total energy was obtained. For each reaction, the stationary structures were obtained by 
optimizing the complex structures along the intrinsic reaction coordinate of the reaction pathway. 
The calculations were done with the reactants in a gaseous phase, at room temperature and 
pressure, without any interactions with solvent molecules. 
3.2.3. Hydrosilylation of CO2 
Imidazolium salt (0.25 mmol) and sodium hydride (0.25 mmol) were dissolved in 0.5 mL 
of solvent in a crimp-top vial, and stirred for a minimum of 30 min for the carbene to be 
generated (0.5 mmol/mL solution). The solution was then centrifuged so that the inorganic salts 
resulting from deprotonation would settle at the bottom of the vial. 0.2 mL of the carbene 
solution was transferred into a fresh vial, and 1.8 mL of the solvent was introduced. The vial was 
sealed, and CO2 was introduced into the vial via a balloon. The reaction was allowed to stir for 
10 min, after which 1 mmol of silane was introduced. An internal standard of mesitylene was 
added (0.5 mmol). Aliquots of the reaction mixture was withdrawn after specified reaction 
periods, and diluted with methylene chloride before the GC-MS analysis. 
For conversion studies, a GC calibration curve was constructed with mesitylene and 
various concentrations of diphenylsilane. Aliquots were drawn from the reaction mixture at 
hourly intervals, and diluted with methylene chloride before the GC analysis 
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3.2.4. Hydrolysis Reaction to Release Methanol  
To produce methanol via hydrolysis of the reaction mixture, the reaction was quenched 
after 18 h by adding 2 equivalents of NaOH/H2O solution. It was stirred for another 24 h before 
an aliquot of isopropanol was added as an internal standard. An aliquot of 1 mL was removed 
from the sample and diluted with dichloromethane before the resulting mixture was subjected to 
GC analysis with a Quadrex BTR-CW column (CarbowaxTM polyethylene glycol bonded phase).  
3.2.5. NMR Tube Reaction and Analysis 
1,3-bis-(2,4,6-trimethylphenyl)imidazolium carboxylate was synthesized via the literature 
method,9 and a stock solution of Imes-CO2 (0.05 mmol/mL) was prepared in DMF-d7. An 
aliquot corresponding to 0.01 equivalent of catalyst was transferred into a NMR tube, and 0.5 
mL of DMF-d7 was added. 0.1 equivalent of silane was subsequently added; the tube was sealed, 
and then evacuated and refilled with 13CO2 with 2 freeze-pump-thaw cycles. The reaction was 
monitored via 13C decoupled and coupled NMR spectroscopy.  
For reactions performed at stoichiometric ratios, one equivalent of silanes was added to a 
solution of imidazolium carboxylate in a NMR tube with a resealable screw top cap. Additional 
aliquots of the silane were subsequently added in a glove box. 
3.2.6. Reaction with a Controlled Amount of CO2  
The reaction mixture was prepared according to the above procedure, where 15 mL of 
CO2 were introduced to the reaction mixture with a gas-tight syringe. The reaction mixture was 
allowed to stir for 10 min before diphenylsilane was introduced. After all the CO2 was 
consumed, an argon-filled balloon was introduced to ensure that the system was closed. Aliquots 




3.2.7. Preparation of Heterogeneous Catalysts  
1 mmol equivalent of poly-imidazolium A,15 an equimolar amount of sodium hydride, 
and 10 mL of anhydrous DMF were placed in a crimp-top vial (20 mL). The vial was sealed and 
the suspension was stirred for 1 h before CO2 was introduced via a balloon. The reaction mixture 
was allowed to stir overnight before the suspension was centrifuged and the supernatant was 
removed. The remaining solid was then washed with three portions of dichloromethane (10 mL 
each), and left under the Schlenk line to dry overnight.  
3.2.8. Recycling Reactions  
0.1 mmol equivalent of poly-imidazolium carboxylate, 2 mL of DMF, and 1 mmol of 
silane were added in a crimp-top vial (8 mL). The vial was then evacuated, and CO2 was 
introduced via a balloon. After the reaction was completed, the reaction mixture was centrifuged, 
and the solution was decanted. This procedure was repeated at least three times using DMF as 
the washing solvent. The combined solution was collected for further analysis. The recovered 
catalyst was used directly for the next run.   
3.2.9. Catalyst Regeneration 
An equimolar amount of sodium hydride and 10 mL of anhydrous DMF were added to 
the recovered polymer catalyst. The mixture was stirred overnight before it was used for the next 
reaction run.  
3.2.10. Reactions with In Situ Generated Catalyst 
0.1 mmol equivalent of poly-imidazolium, an equimolar amount of sodium hydride, and 
2 mL of anhydrous DMF were placed in a crimp-top vial (8 mL). The vial was sealed and the 
suspension was stirred for 1 h before CO2 was introduced via a balloon. The reaction mixture 
was then allowed to stir for 1 h before 1 mmol of silane was added. Aliquots were withdrawn 
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from the sample at 2-h intervals, and subjected to GC-MS analyses with mesitylene as an 
external standard 
3.3. Results and Discussion 
3.3.1. Elucidation of Reaction Mechanism 
It was earlier communicated that the reduction of CO2 to a silyl methoxide product 
proceeded at ambient conditions, without the need for external CO2 overpressure, or elevated 
temperatures.2d This is advantageous as there is negligible energy input necessary for the process 
to occur. Our proposed mechanism included the presence of 2 reaction intermediates, which 
were observed with mass spectrometry (MS) and nuclear magnetic resonance (NMR) 
spectroscopy (Scheme 3.1). We performed NMR spectroscopic studies with equivalent amounts 
of imidazolium carboxylate and silane. The transformation from the imidazolium carboxylate to 
the formoxysilane intermediate could be clearly observed. The addition of one equivalent of 
diphenylsilane to the reaction ensured the complete conversion of the formoxysilane to a bis-
silylacetal intermediate (see Fig. 3.1) 
 
Scheme 3.1. Overall Reaction Scheme for the Hydrosilylation of CO2 




















Fig. 3.1. 13C NMR spectra of NMR tube reaction of  equimolar amounts of imidazolium 
carboxylate and diphenylsilane. (#) denotes the CO2 in imidazolium carboxylate, which is 
cleanly converted to a formoxysilane (♥), and a bis silylacetal intermediate (♦) after addition of 
equimolar amounts of diphenyl silane in each step. 
3.3.2. Density Functional Theory Calculations of Each Step 
With the experimental results at hand, we proceeded to perform DFT calculations to 
further understand and elucidate the reaction mechanism. Using diphenylsilane as the silane 
starting material, it was found that the reaction takes place in a 3-step cascade process, with the 
energy level of each intermediate step lower than that of the previous step (Fig. 3.2). The 
complete conversion of a diphenylsilane (Ph2SiH2) molecule to a methoxide end product 
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(Ph2HSiOSi(OCH3)Ph2), with formoxysilane (Ph2SiH(OCHO)) and bis-silylacetal 
(Ph2HSiOCH2OSiHPh2) as intermediates, was a highly exothermic process with a ΔE value of -
79.3 kcal/mol. These calculations are in agreement with our experimentally observed results. 















































Fig. 3.2. The energy diagram of CO2 hydrosilylation reaction calculated by DFT. 
The energy diagrams for each of the steps are shown in Figs. 3.3(a)–(c). The first step 
depicted in Fig. 3.3(a) is particularly interesting, and it involves the approach of the silane to the 
imidazolium carboxylate, forming a 5-membered ring transition state, and the subsequent 
hydride transfer to form the formoxysilane intermediate. It is noted that the energy barrier here is 
relatively large, where the transition state of the hydride transfer step (TS-1, see Fig. 3.4 for 
calculated structures), lies 19.6 kcal/mol above Imes-CO2 + Ph2SiH2. This value is far lower 
than that obtained in Wang’s calculation (+41.3 kcal/mol) with a 4-membered ring transition 
state.13 We propose that NHC first activates CO2 to form imidazolium carboxylate. This initial 
step was also clearly observed experimentally. In addition, this first step also represents the rate-
limiting step in the entire three-step cascade reaction, as its energy barrier is the highest in 
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comparison with the rest of the transition states in the subsequent steps illustrated in Figs. 3.3(b) 
and (c). In contrast, the second step is energetically undemanding, with a small energy difference 
of 9.1 kcal/mol between 1•Imes and TS-2. 1•IMes includes the coordination of a formoxysilane 
intermediate to the NHC catalyst, while TS-2 involves the approach of a Ph2SiH2 molecule to 
the adduct, and the subsequent hydride transfer from the hydrosilane. The third reaction step 
possesses a small energy barrier (9 kcal/mol) in the elementary step for the activation of 2 by 
NHC, forming transition state TS-3. The formation of a more stable Si-O-Si bond structure is 
brought about by rearrangement of the Si- O bonds in the transition state. The ensuing 
intermolecular hydride transfer then forms the silyl methoxide end product 3, closing the reaction 
cycle and releasing the NHC catalyst. The calculated structures of the identified stationary points 
TS-1 to TS-3 are represented in Fig. 3.4, and were simplified to a reaction pathway involving 




Fig. 3.3. The calculated energy diagrams and related transition states of the reaction cycles of the 











3.3.3. Rate Determining Step 
The energy barriers of the three-step reaction reported by Wang’s group are 30.8, 40.7 
and 29.8 kcal/mol, respectively (Fig. 3.3).13 In this case, the rate-limiting step would be the 
second step in the 3-step cascade reaction, contrary to our proposed mechanism and experimental 
results. Our experimental observations strongly supported the first hydrosilylation step as the 
rate-limiting step with the largest energy barrier. In this step, the hydrosilane is converted to a 
formoxysilane in a CO2 atmosphere over NHC catalyst. The reaction has a tendency to form the 
silyl methoxide end product or the bis-silylacetal intermediate, even in the presence of excess 
CO2. Similarly, the rate-determining step of hydride transfer from a boron reductant was also 
reported for the tetramethylpiperidine-boron based frustrated Lewis pair system and other 
systems.3,9 The formoxysilane intermediate would react rapidly with excess silanes in the 
reaction mixture and was only observed in the early stages of the reaction with our gas 
chromatography (GC)-MS monitoring studies2d. This was further confirmed with our NMR 
spectroscopic studies (Fig. 3.5). Isotopically enriched 13CO2 (99 atom% 13C) with diphenylsilane 
and triethylsilane were employed to further investigate the intervening processes of the reactions. 
13C NMR spectroscopy indicated that the reaction with diphenylsilane was completed in hours to 
form silylmethoxide as the major product (Figs. 3.5(A) and (B)), while the signals related to the 
formoxysilane and bis-silylacetal intermediates remained minor. We also observed that the 
activation energy barrier to form the formoxysilane was even more pronounced for trisubstituted 
silanes (see Figs. 3.5(C) and (D)). Trace amounts of formoxysilane intermediates of 
triethylsilane, Et3Si(OCHO) (168 ppm)18, 19 were only observed after 12 days of standing in 




Figure 3.5. 13C NMR spectra of NMR tube reaction of 13CO2, silane (diphenylsilane for (A) and 
(B), triethylsilane for (C) and (D)), Imes-CO2 catalyst 1 (5 mol%) in dimethylformamide 
(DMF)-d7. Spectra (A) and (B) show the conversion of 13CO2 (#) to 13CH2(OSiR3)2 (▼) to 
13CH3O-SiR3 (♥) after 90 min and 24 h, respectively. Spectrum (C) shows that no reaction 
occurred after 60 min. Spectrum (D) shows a very weak peak at 168 ppm, indicating that a small 
amount of triethylformoxysilane (†) intermediate was generated after 12 days. 
3.3.4. Methanol Yield 
The tendency of the system towards completion of the reaction to the silyl methoxide end 
product was also observed with regards to methanol yield. The yield of methanol achieved after 
hydrolysis would be dependent on the amount of silyl methoxide end product in the reaction 
mixture, and it was found that a higher methanol yield from the reaction was obtained when a 
limited CO2 feedstock was used. It was experimentally observed that methanol yields of up to 
90% were achieved in 6 h, when an excess amount of CO2 was introduced into the reaction 
system with a fixed amount of Ph2SiH2 (Equation 2, Scheme 3.2). A higher methanol yield of 
more than 95% was achieved when a controlled amount of CO2 was introduced. Such 
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observations further supported our position whereby the formoxysilane formation was the rate-
limiting step. With a controlled amount of CO2, the reaction would be atom-efficient, whereby 
exactly 3 equivalents of hydride would be required to completely convert CO2 into the final 
methoxide end product, and this was reflected in the detected methanol yield of > 95%. With an 
excess amount of CO2 introduced via a balloon, there would be an increased probability of the 
hydrosilane reacting in the initial stages of the reaction, resulting in a smaller amount of hydride 
available for the complete reduction to silyl methoxide. However, the methanol yield was not 
significantly reduced (from 95% to 90%), suggesting that the initial formation of formoxysilane 
has a significant energy barrier, leaving behind considerable amounts of silane to react with the 
formoxysilane and bis-silylacetyl intermediates to form the silylmethoxide end product. The high 
selectivity towards the methoxysilane end product and the corresponding high methanol yield 
were a consequence of the three-step cascade reaction in which the formoxysilane formation step 
was the rate-determining step. 
Scheme 3.2. Yield of Methanol Under Different Conditions 
 Si-O-CH3  +  Si-O-Si CO23 Si-H + (excess)
(90% H yield)  
(2) 
 Si-O-CH3  +  Si-O-Si CO23 Si-H +





3.3.5. Effect of Hydrosilanes 
Our experimental studies have, thus far, utilized diphenylsilane as a starting material. It 
has been demonstrated that the hydrosilylation of CO2 with diphenylsilane occurred smoothly, 
and complete consumption of the silane was achieved in 6 h.2d Different silanes were also 
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screened, and it was observed that the trisubstituted silanes were sluggish to react, or not at all 
reactive. This was also illustrated in Fig. 3.5, where formoxysilane intermediates for 
triethylsilane Et3Si(OCHO) were only observed with NMR spectroscopy after 12 days. 
However, the calculated energy profiles for all these silanes (Table 3.1) indicated that the 
reactions were thermodynamically favored, which led us to conclude that the low activities of tri-
substituted silanes were mainly due to steric effects. The energy level of TS-1 was significantly 
higher with bulky, trisubstituted silanes, as compared to diphenylsilane. For example, the 
calculated activation energy barrier for the first-step hydrosilylation with phenyldimethylsilane 
was 45.2 kcal/mol (see Fig. 3.6(a)), which was more than twice that of Ph2SiH2 (19.6 kcal/mol) 
(see Fig. 3.3(a)).  
To further elucidate the reaction mechanism and investigate the effect of using sterically 
encumbered silanes, a mixture of diphenylsilane and dimethylphenylsilane was used in several 
experiments. A typical CO2 hydrosilylation reaction was set up using dimethylphenylsilane as 
the hydride source. Intermediates 5–7 (Scheme 3.3) were not observed in GC-MS analysis; only 
the starting materials were found. While the first step of the hydrosilylation reaction was 
energetically unfavored for dimethylphenylsilane, we believed that it could participate in the 
subsequent steps of the reaction. When a mixture of diphenylsilane Ph2SiH2 and 
dimethylphenylsilane Me2PhSiH (1:1 molar ratio) was used as the silane feedstock, 
diphenylsilane was consumed in 1 h, while most of the phenyldimethylsilane remained in the 
reaction mixture. However, a significant amount of phenyldimethylsilane formed intermediate 5, 
and final products 6–9 were observed in the GC-MS analysis of the reaction mixture (see 
Scheme 3.3). When PhMe2SiH was added first, followed by the addition of Ph2SiH2 after 30 
min, only products 7, 8 and 9 were observed (i.e. 5 and 6 were not found). Similar observations 
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were noted when Ph2SiH2 was added first, and left to react for 30 min before the addition of 
PhMe2SiH (see Figs.  3.8 (a) and (b)). These experimental results further confirmed the 
calculated reaction mechanism, in which the rate-determining step is indeed the formation of the 
formoxysilane. The hydrosilylation of CO2 to formoxysilane with NHCs did not proceed with 
bulky trisubstituted silanes, as exemplified by phenyldimethylsilane (ΔE = +45.2 kcal/mol). 
However, after formoxysilane 1 was formed in the reaction system with less sterically hindered 
silanes, such as diphenylsilane, it could then react with the bulky phenyldimethylsilane in the 
second step and third step of the hydrosilylation reaction to yield silylacetal (5) and 
silylmethoxide (6) products. Such a reaction pathway was calculated to be favorable, whereby 
the energy difference between the approach of dimethylphenylsilane to 1•Imes and the 
subsequent hydride transfer (TS-2’) was minimal, yielding the silylacetal 5 (see Fig. 3.6). The 
exchange of silane moieties after formation of the disiloxane was also considered in elucidating 
our reaction pathway, and silane substitutions with a disiloxane were not observed in our control 
reactions of mixing (Ph2SiH)2O and PhMe2SiH. These experimental observations, supplemented 









Table 3.1. Hydrosilylation of CO2 with various silanes over Imes-CO2 1, and their total energy 
differences.a  
  CO2 R3SiOCHOR3SiH+  ∆E1
 
  CO2 R3SiOCH33 R3SiH+ (R3Si)2O+  ∆E2 








1 PhSiH3 <1 -12.06 <6 -69.98 
2 Ph2SiH2 1.5 -21.13 6 -79.34 
3 Ph2MeSiH ―d -33.58 ― -79.18 
4 PhMe2SiH ―  -33.64 ― -103.8 
5 Et2MeSiH ―  -29.35 ― -83.10 
6 Et3SiH ―  -17.43 ― -76.30 
7 Ph3SiH ―  -18.83 ― -79.48 
 (a) Reaction conditions: 1 mmol of silane, CO2 balloon, 2 ml of DMF, room temperature. (b) 
Time for the full consumption of silanes. (c) Time for reaction completion. (d) Silane is not fully 
consumed in 3 days. 





Fig. 3.6. The calculated energy diagram and transition states of the reaction with (a) 




















Fig. 3.7. The calculated structures of the stationary point, for the reaction with 





Fig. 3.8. (a) GC-MS spectrum of reaction with a mixture of silanes (Ph2SiH2 / PhMe2SiH molar 
ratio 1:1), added at the same time, after a reaction time of 5 days. (b) GC-MS spectrum of 
reaction with a mixture of silanes (Ph2SiH2/PhMe2SiH molar ratio = 1:1). Ph2SiH2 was added 
and left to react for 30 min before the addition of PhMe2SiH. Reaction time: 5 days. 
3.3.6. Formation of a NHC-Si adduct 
  The formation of an NHC-CO2 adduct (imidazolium carboxylate) have been reported and 
widely accepted as an intermediate in many reactions.14,20 However, there is still argument for 
the favorable interactions between NHC and the silane, instead of CO2, as the primary activation 
mode in the first elementary step of the NHC-catalyzed CO2 hydrosilylation reactions.13,18-19 
Although thermodynamically unfavored, the π-π stacking between the NHC and the silane could 
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activate the silane by stretching the Si-H bonds, and elongating the Si-H bonds and pushing the 
electron density towards the hydrogen atoms. The formation of a NHC-Si bond have also been 
proposed to be the initial step for cynanosilylation and siloxane polymerization reactions 
catalyzed by NHCs.21 
However, in our experiments, we have yet to observe any interactions between the NHC 
and the silanes. There were no changes in the chemical shift values of the carbene center, even 
after a solution of equimolar amounts of IMes carbene and diphenylsilane was allowed to stand 
for 2 weeks. Interactions between silanes and the carbene center were also not detected using less 
sterically hindered carbene, such as 1-butyl-3-methylimidazolylidene. Such observations were 
also critically discussed by Fuchter.22  
3.3.7. Formaldehyde as an Intermediate  
It was proposed that the bis-silylacetal intermediate might undergo direct dissociation of 
into formaldehyde and disiloxanes, as the third elementary step of the reaction.13 The 
dissociation was mentioned to be akin to the Brook rearrangement, whereby an organosilyl group 
switches position with a hydroxyl proton to form a silyl ether in the presence of a base.23 The 
resulting formaldehyde was then reported to be able to undergo hydrosilylation with NHC, 
catalyzing the addition of silane to aldehyde. This proposed mechanism trigged our interest in 
tracking the formaldehyde intermediate during the reaction. In our NMR monitoring 
experiements, no peaks associated with formaldehyde were observed in both 1H and 13C NMR 
spectra. It has also been known that the silicon-oxygen bond is very strong, and is unlikely to 
break under our reported reaction conditions, without the use of any heat and base.23 Control 
experiments were performanced by using both paraformaldehyde and formaldehyde (generated 
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from heating a solution of paraformaldehyde) in place of CO2, and no intermediates were 
observed;24 diphenylsilane starting materials were rcovered after 24 h. All these indicated that 
the proposed pathway,13 which included the hydrosilylation of formaldehyde, was not 
experimentally feasible. 
3.3.8. Recyclable Heterogeneous NHC Catalysts 
  Although there have been rapid developments in the field of organo catalysis,15 relatively 
little efforts have been devoted towards heterogeneous organo catalysis.26 We have recently 
developed a main-chain poly-NHC system as as an excellent heterogeneous catalyst.15, 24 Herein, 
we demonstrated CO2 conversion to methanol under ambient conditions by using solid poly-
NHC microparticles as novel, recyclable heterogeneous catalysts.  
Poly-imidazolium salt F was synthesized by condensation of bisimidazole and 2,4,6-
tris(bromomethyl)mesitylene in DMF at 110°C for 24–72 h (see Fig. 3.9). Spherical particles 
(diameter ~ 1.2 µm) of poly-imidazolium F were obtained in 82% yield. The white powder F 
was treated with a base, such as sodium hydride, to generate dark red poly-NHC particles G. 
After the introduction of CO2 into the reaction system, poly-imidazolium carboxylate H was 
obtained as white precipitates (see Fig. 3.9). The generation of G and H were clearly indicated 
by 13C solid-state NMR spectra (see Fig. 3.10). The weak peak observed at 218 ppm in Fig. 
3.10(b) corresponded to the carbene C2 carbon, which was not observed in the spectrum of Fig. 
3.10(c).27 Instead, a new peak was found at 165 ppm, which was related to the carboxylate group 
of H. The resulting material was also confirmed in composition with photoacoustic Fourier-
transform infrared (PA-FTIR) spectroscopy (Fig. 3.11) and elemental analyses.  
The CO2 hydrosilylation reaction was conducted with 0.1 mmol equivalent of poly-
imidazolium carboxylates, 2 ml of DMF and 1 mmol of silane in a crimp-top vial (8 mL). The 
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vial was then evacuated, and CO2 was introduced via a balloon. Poly-NHC was found to be an 
effective catalyst for the reaction, achieving complete consumption of Ph2SiH2 in 12 h. This 
solid catalyst was easily recycled, and remarkably, the subsequent runs were much faster than the 
first run (Fig. 3.14(a)), and the solid catalyst could be reused for up to 4 runs. Catalyst 
deactivation was observed after 4 runs whereby incomplete consumption of Ph2SiH2 was 
observed for subsequent runs, even after 12 h of reaction. However, after regenerating the 
catalyst via reaction with a base (NaH) after 6 runs, the activity of poly-NHC catalyst was fully 
recovered, and the hydrosilane was completely consumed in 4 h in the 4 subsequent runs. The 
process could be repeated to keep the solid poly-NHC catalyst highly efficient (Fig. 3.14(a)). 
Attempts to pre-empt catalyst deactivation after 4 runs and study the increased activity of the 
catalyst after regeneration were done by treating the catalyst after the fourth run with catalyst 
regeneration conditions (Fig. 3.14(b)), and we observed that the poly-NHCs have to be 
reactivated for every 4 runs to remain active. The reaction with in situ generated poly-NHC G as 
catalyst gave the same results as isolated poly-imidazolium carboxylate catalyst H.  
 
 
Fig. 3.9. Preparation of polymer catalysts for CO2 hydrosilylation. F: poly-imidazolium 
bromide; G: poly-NHC; H: poly-imidazolium carboxylate; I: after centrifuging H. Reaction 
conditions: (i) DMF, 110°C, 2 days; (ii) NaH, DMF, room temperature, 24 h; (iii) CO2, 1 atm, 






260 240 220 200 180 160 140 120 1000 60 40 20 0 ppm80  
Fig. 3.10. 13C NMR of (A) poly-imidazolium bromide, (B) poly-NHC and (C) poly-imidazolium 
carboxylate. Arrows indicate the signals from free carbene carbon (218 ppm) in B and 
carboxylate carbon (165 ppm) in C. 
 
Fig. 3.11. PA-FTIR spectra of (a) poly-imidazolium A and (b) poly-imidazolium carboxylate C. 
(*) denotes the peak associated with quarternary imidazolium, and (+) indicates the C=O stretch 
of the imidazolium carboxylate.  
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GC-MS and NMR studies showed that similar Si-OMe products were formed with the 
poly-NHC catalyst as with the homogeneous Imes catalyst (see Figs. 3.12 and 3.13). However, a 
lower methanol yield (40% based on silane) was achieved for each recycled run over the poly-
NHC catalyst. We performed similar experiments with the control amount of CO2. With the 
addition of 1 mmol (instead of an excess amount) of CO2 into the reaction mixture via a gas-
tight syringe, the maximum methanol yield achieved was only 47%. In a similar setup, 2 
equivalents of excess silanes were added to the reaction after several days, but the methanol yield 
remained low (~ 60%). This could be due to the incomplete reaction of the intermediates to form 
the silane oligomers bearing the methoxide moiety over the heterogeneous poly-NHC catalyst, or 
the inaccessibility of the oligomers that were trapped in the pores of the NHC catalyst.  
 
Fig. 3.12. GC-MS spectra of reaction with poly-NHC catalyst in reaction run 6 after 4 h of 
reaction. Starting material: Ph2SiH2. Three products were detected with GC-MS: Ph2SiH2, MW 
= 186, tr = 10.8 min; (Ph2SiH)2O, MW = 382, tr = 22.1 min; (Ph2SiHO)2CH2, MW = 412, tr = 




Fig. 3.13. 13C NMR spectra of NMR tube reaction of 13CO2, diphenylsilane, poly-NHC catalyst 
(5 mol%) in DMF-d7. Spectra A and C show the conversion of 13CO2 (#) to 13CH2(OSiR3)2 (▼) 
to 13CH3O-SiR3 (♥). B shows the spectrum in the absence of proton decoupling. This NMR tube 
reaction is slower than that for homogeneous NHC catalyst due to the solid catalyst employed 
and the static condition. 
 
Fig. 3.14. Recyclability of poly-NHC catalyst in CO2 hydrosilylation. (A) The first set of 
recycling experiments showed the deactivation of poly-NHC catalyst at runs #5 and #6. Upon 
regeneration by NaH after run #6, the activity of poly-NHC was recovered in runs #7 to #10. (B) 
The second set of recycling experiments involved the catalyst regeneration after run #4. The 
catalyst then remained active to run #8. The catalyst was found to be deactivated at run #9, and 




The first NHC-catalyzed CO2 reduction reaction with hydrosilanes at ambient conditions 
was examined in detail. By combining DFT calculations with experimental investigations, 
several conclusions could be made. The reaction pathway consists of a three-step cascade 
reaction. All three steps involve exothermic processes and are catalyzed by the NHC catalyst. 
The primary activation model involves the reaction between the NHC and CO2, forming the 
NHC-CO2 adduct. The first step, which involves the hydrosilylation of CO2 to form a 
formoxysilane intermediate, has the highest activation energy barrier (ΔE = 19.6 kcal/mol), and 
is established as the rate-determining step. As a result, the system is highly selective towards a 
methoxide end product, with an excess of 95% hydrogen transfer yield or carbon yield. It was 
also shown that formaldehyde is unlikely to be an intermediate in this reaction. We also 
presented the successful development of poly-NHC as the first recyclable heterogeneous catalyst 
for CO2 hydrosilylation. This study demonstrated the potential of CO2 reduction under mild 
conditions. Efforts towards replacing hydrosilane with an alternative hydrogen source for this 
transformation are underway. 
 
3.5. Notes 
Parts of the work outlined in this chapter was published in November 2012: S. N. Riduan, 
J. Y. Ying, Y. Zhang, “Mechanistic Insights into the Reduction of Carbon Dioxide to Methanol,”  
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Chapter 4: Carbon Dioxide Mediated Stereoselective Coupling of Alkynes and Thiols 
4.1. Introduction 
Vinyl sulfides are ubiquitous in many natural products and pharmaceuticals, and are 
important synthetic intermediates due to its ease of transformation.1 The most convenient 
way to synthesize such analogs includes hydrothiolation of alkynes, commonly through 
transformations with transition metal catalysts, bases or free radicals. Both Markovnikov2-6 
and anti-Markovnikov7-11 selectivity can be realized in transition metal catalyzed processes. 
High selectivity for Markonikov products was achieved with nickel,2 rhodium,3 
organoactinide and organolanthanide4 and zirconium complexes as catalysts.5 Selective 
formation of E and Z isomers of anti-Markovnikov products has also been accomplished, 
whereby the selective synthesis of E-vinyl sulfides was first successfully demonstrated by 
Ogawa et al. using a Wilkinson’s catalyst of Rh(PPh3)3Cl,7 and more recently by Corma et 
al. using both gold (I) and (III) complexes.8 The synthesis of Z-vinyl sulfides over transition 
metal catalysts has been limited to neutral and cationic complexes of rhodium and iridium, 
but suffered from a limited substrate scope and low stereoselectivity.9 Base-mediated 
hydrothiolations were first reported in 1956 by Truce et al.,10 and more recently, a cesium 
carbonate catalyzed process to form Z-vinyl sulfides was reported.11 However, such a process 
required the use of a radical inhibitor, and the substrate scope was limited to alkyl thiols. 
Alkyne hydrothiolation via a radical mechanism was first reported in 1970, whereby a free 
radical process yielded anti-Markovnikov products with typically low E/Z selectivity.12, 13 
Thus, a general and simple method for the synthesis of Z-vinyl sulfides from alkynes remains 



















 In the past decade, immense efforts in research have been dedicated to utilize CO2 in 
organic synthesis.14-15 Recently, we reported a room-temperature conversion of terminal 
alkynes to propiolic acids with 1 atm of carbon dioxide in the presence of a copper(I) 
catalyst.16-17 With this result, we envisioned the use of carbon dioxide as a mediator18 to 
achieve the stereoselective coupling of alkynes and thiols to form Z-vinyl sulfides via a 
propiolic acid intermediate.19 Herein we reported a simple procedure for the synthesis of Z-
vinyl sulfides by hydrothiolation of terminal alkynes under CO2 atmosphere (Scheme 4.2). 
The stereoselectivity of this reaction was controlled by CO2, and the mechanism of this 
stereoselectivity controlling process was also investigated. 
 
Scheme 4.2. Stereoselectivity Switching Capability of CO2 towards Z-Vinyl Sulfides in 




















4.2. Materials and Methods 
4.2.1. General Methods 
All reactions were set up in an Innovative Technologies Glovebox equipped with 
Argon gas, with an 8-mL crimp top vial. Chemicals were purchased from commercial sources 
and used as received without further purification. Anhydrous solvents were purchased in 
Sure-seal packaging from Sigma-Aldrich and were used as received. CO2 was supplied by 
SOXAL. GC-MS analyses were performed on a Shimadzu GCMS QP2010 system, while gas 
chromatography (GC) analyses were conducted on an Agilent GC6890N system. 1H and 13C 
NMR spectra were recorded on Bruker AV-400 (400 MHz) instrument. Reaction 
temperatures refer to the temperatures of the heating blocks. Purification of reaction mixtures 
were performed with column chromatography or preparative thin layer chromatography 
methods. All products gave satisfactory spectroscopic data. High resolution mass 
spectroscopic data were reported for new compounds. 
4.2.2. General Procedure for the CO2 Mediated Stereoselective Coupling of Alkynes 
and Thiols  
5 mol% of CuI (5 mg) and 1.2 equiv of K2CO3 (83 mg) were transferred to a 3 mL 
aliquot of DMSO solvent, in an 8-mL crimp top vial. The vial was then sealed and transferred 
out of the glovebox, before phenylacetylene (0.5 mmol, 55 μL) was charged. 1 atm of CO2 
was then introduced into the reaction system with a balloon, followed by the addition of thiol 
(0.75 mmol) and water (25 μL, 1.4 mmol). The reaction was then allowed to stir for 16 hours 
at a reaction temperature of 90 °C. Upon completion of the reaction, the mixture was allowed 
to cool to room temperature before the addition to 1 N HCl solution in water. The mixture 
was then extracted 3 times with 15 mL ethyl acetate. The combined organic layers were then 
washed with water (20 mL) and brine (20 mL), and dried over anhydrous sodium sulfate. The 
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solution was filtered and the solvent was removed in vacuo. The residue was purified by 
column chromatography or preparative TLC, with hexanes/ethyl acetate as eluents to afford 
the pure coupling product. 
4.2.3. General Procedure for the Stereoselective Coupling of Propiolic Acids and 
Thiols17  
5 mol% of CuI (5 mg), phenylpropiolic acid (0.5 mmol, 73mg) and 1.2 equiv of 
K2CO3 (83 mg) were transferred to a 3-mL aliquot of DMSO solvent, in an 8-mL crimp top 
vial. The vial was then sealed and transferred out of the glovebox, and then thiol (0.75 mmol) 
and water (25 μL, 1.4 mmol) were added. The reaction was then allowed to stir for 16 hours 
at a reaction temperature of 90 °C. Upon completion of the reaction, the mixture was allowed 
to cool to room temperature before addition to 1 N HCl solution in water. The mixture was 
then extracted 3 times with 15 mL ethyl acetate. The combined organic layers were then 
washed with water (20 mL) and brine (20 mL), and dried over anhydrous sodium sulfate. The 
solution was filtered and the solvent was removed in vacuo. The residue was purified by 
column chromatography or preparative TLC, with hexanes/ethyl acetate as eluents to afford 
the pure coupling product. 
4.2.4. General Procedure for the Preparation of (4-Methoxyphenylthio)propenoic 
acid22 
4-methoxythiophenol (2 mmol, 280 mg) was added to ethyl phenylpropiolate (2 
mmol, 348 mg). The solution was allowed to stir for 2 hours at ambient temperature before 
dilution with 5 mL of ethanol, and addition of 30 mL of 10% KOH solution. The resulting 
solution was heated at 60 oC for 1 hour, and was allowed to cool before extracting of the 
aqueous solution with ether (2 × 15 mL). The aqueous solution was then acidified with 
concentrated HCl to pH = 2, and was then extracted with ether (4 × 20 mL). The organic 
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extracts were combined and dried over anhydrous sodium sulfate. The solution was filtered 
and the solvent was removed in vacuo. The product (4-methoxyphenylthio)propenoic acid 
was then used as was.  
4.2.5. Deuterium labeling studies 

















4.3. Results and Discussion 
4.3.1. Optimization of conditions 
The study was initiated with phenylacetylene and thiophenol as model substrates for 
the reaction. The proof of concept was conducted with phenylacetylene (0.5 mmol), thiol 
(0.75 mmol), K2CO3 (0.6 mmol) and 5 mol% CuI catalyst in 3 mL of N,N’-
dimethylformaldehyde (DMF) with CO2 balloon. After a 16-h reaction, vinyl sulfide 
products were obtained at a yield of 85% and an E:Z ratio of 13:87. Control experiments for 
this reaction under the same conditions, except for the use of argon or air, gave similar 
products with reverse stereoselectivity (E:Z ratio = 80:20). These results clearly demonstrated 
that the stereoselectivity of this copper(I) catalyzed alkyne hydrothiolation reaction could be 
controlled with the presence or absence of the CO2 atmosphere. Further study showed that 
trace amount of water also played an important role in this reaction. With 2 equivalents of 
H2O additive, the reaction rate was remarkably increased (Table 4.1). With that, reaction 
conditions were further screened. Dimethyl sulfoxide (DMSO) proved to be the best solvent 
for the reaction, while a DMSO:H2O volume ratio of 1:1 was found to be detrimental to the 
selectivity. The use of ligands, such as tetramethylethylenediamine (TMEDA) and IPr (1,3-
bis(2,6-diisopropylphenyl imidazolylidene) did not improve the yields, while the use organic 
bases such as TMEDA and DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) did not lead to any 
E:Z selectivity. The use of K2CO3, with DMSO as solvent, proved to be the best for the 
reaction, with the presence of 5 mol% of CuI catalyst, 1 atm of CO2 atmosphere and 1.4 





Table 4.1. Screening of Reaction Conditions.a 
H HS
Solvent, Base






Entry Base  Temp (°C) Thiol  
(equiv.) 
Solvent Yield  
(%) b 
E:Z     
ratio c 
1 K2CO3   90 1.5 DMF 85   13:87 
2 K2CO3   90 1.5 NMP 84  20:80 
3 K2CO3   90 1.5 DMSO 92   10:90 
4 d K2CO3   90 1.5 DMSO 89   7:93 
5 Cs2CO3   90 1.5 DMF 50   13:87 
6 Cs2CO3   90 1.5 NMP 63   10:90 
7 Cs2CO3   90 1.5 DMSO 84   11:89 
8 K2CO3   90 1.5 DMSO/H2O (1:1) n.d.   45:55 
9 e K2CO3   90 1.5 DMF 85   13:87 
10 f K2CO3   90 1.5 DMF 86   10:90 
11 TMEDA   90 1.5 DMSO 95   57:43 
12 DBU   90 1.5 DMSO 82   56:44 
13 –   90 1.5 DMSO 23   30:70 
14 K2CO3   60 1.5 DMSO 70   11:89 
15 K2CO3   40 1.5 DMSO 40   16:84 
16 K2CO3   90 1.2 DMSO 95   11:89 
17 K2CO3   90 1.0 DMSO 70   12:88 
18 g K2CO3   90 1.5 DMSO 68   84:16 
19 h K2CO3   90 1.5 DMSO 27   28:72 
20 K2CO3   60 1.5 DMSO 70   11:89 
a Reaction conditions: phenylacetylene (0.5 mmol), thiol, 5 mol% of CuI catalyst, 1.2 equiv. 
of base, 25 μL of H2O, and 3 mL of solvent, 16 h. b Yield of isolated products. c E:Z ratio 
determined by 1H nuclear magnetic resonance (NMR) analysis. d Thiolphenol was added to 
the reaction mixture after 6 h of stirring at room temperature. e 10 mol% TMEDA as ligand. f 
10 mol% of iPr as ligand. g No CO2 atmosphere. h No water additive.  
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It was found that a reaction temperature of 90°C was optimal to the yield and 
selectivity of this hydrothiolation reaction. The selectivity was kept high with the use of a 
slight excess of thiol. In addition, allowing the reaction mixture of phenylacetylene and 
potassium carbonate in DMSO to be stirred in an atmosphere of CO2 prior to the addition of 
thiol proved to be beneficial for enhanced stereoselectivity (Entry 4, Table 4.1).  
 
4.3.2. Expansion of Substrate Scope: Thiols 
With the optimal reaction conditions, we proceeded to expand the reaction scope for a 
wide range of thiol substates (see Scheme 4.3). In general, it was observed that the 
hydrothiolation of phenylacetylene in the presence of CO2 mediator generated the anti-
Markovnikov products with high Z selectivity, in good-to-excellent yields. Aryl, benzylic and 
aliphatic thiols reacted cleanly to furnish the corresponding Z-vinyl sulfides with high 
selectivity. 
It should be noted that the synthesis of aryl Z-vinyl sulfides with base-mediated 
hydrothiolation reactions have been met with limited success.11 The current reaction was 
tolerant towards electron-rich and electron-deficient aryl thiols, and a number of other 
functional groups, including amines, furan rings and alcohols. It was also observed that 
aliphatic thiols were slower to react, and reaction was promoted with an extended reaction 
time and/or the change of base from potassium carbonate to cesium carbonate (Scheme 4.3, 








Scheme 4.3. Coupling of Phenylacetylene with Various Thiols 
H RHS
S R





E-isomer Z-isomer  
3a,a 92%,b E:Z = 9:91c 3b, 87%, E:Z = 10:90 3c, 88%, E:Z = 13:87 3d, 86%, E:Z = 4:96
3e, 76%, E:Z = 4:96 3f, 76%, E:Z = 10:90 3g, 79%, E:Z = 5:95 3h, 92%, E:Z = 10:90
3i, 92%, E:Z = 12:88 3j, 94%, E:Z = 12:88 3k, 87%, E:Z = 10:90 3l, 89%, E:Z = 8:92
3m, 91%, E:Z =9:91 3n,d 72%, E:Z = 11:89 3o,e 70%, E:Z = 21:79 3p,e 66%, E:Z = 22:78
3q,f 66%, E:Z = 11:89 3r,e 42%, E:Z = 4:96 3s, 64%, E:Z = 10:90 3t, 0%
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a Reaction conditions: phenylacetylene (0.5 mmol), thiol (0.75 mmol), 5 mol% CuI, K2CO3 
(0.6 mmol), 25 μL of H2O and 3 mL of DMSO, 16 h. b Isolated yields, average of 2 parallel 
experiments. c E:Z ratio determined by 1H NMR analysis. d Cs2CO3 was used instead of 
K2CO3. e Reaction time was 40 h. f Cs2CO3 was used instead of K2CO3 and reaction time 







4.3.3. Expansion of Substrate Scope: Alkynes 
To further improve the utility of our reaction, various alkynes were screened in this 
reaction. No conversion was observed with the use of terminal aliphatic alkynes, even with 
strong bases such as tBuOK. In contrast, the use of terminal aryl alkynes yielded vinyl 
sulfides in good-to-excellent yields. It was also observed that the presence of electron-
withdrawing groups on the phenyl ring diminished the selectivity of the reaction towards 
forming the Z-vinyl sulfide. Remarkably, modifying the reaction set-up by adding a σ-donor 
ligand (TMEDA) and leaving the ethynylbenzene to stir in a CO2 atmosphere for 6 h before 
the thiol addition improved the selectivity towards Z-vinyl sulfides, as exemplified in Scheme 



















Scheme 4.4: Coupling of Terminal Alkynes with Thiols 
R1 H R2HS R1
S





E-isomer Z-isomer  
3ab, 0%
3ad,a 51%,b E:Z = 11:89c 3ae, 85%, E:Z = 14:86 3af, 60%, E:Z = 17:83
3ah, 87%, E:Z = 11:89
3ad, 0%3ac, 0%
3ai, 55%, E:Z = 16:84
3am,d 83%, E:Z = 17:83 3an,d 44%, E:Z =19:813
ak, 58%, E:Z =76:24
3aj, 79%, E:Z = 18:82
3ao,d 78%, E:Z = 23:77
3al,d 66%, E:Z =12:88

















a All reactions were performed with terminal alkyne (0.5 mmol), thiol (0.75 mmol), 5 mol% 
CuI catalyst, in the presence of 1.2 equiv of K2CO3, 25 μL of H2O and DMSO solvent (3 
mL) for 16 h. b Isolated yields, average of 2 experiments c E:Z ratio determined by 1H NMR 
analysis d 12 mol% of TMEDA as a ligand was added to the reaction and the ethylnyl 









4.3.4. Determination of Factors Affecting Stereoselectivity 
The reaction was examined in further detail to establish the crucial factor in 
determining its stereoselectivity. Firstly, we believe that the reaction went through the 
propiolic acid intermediate, followed by the hydrothiolation decarboxylation process. As 
previously mentioned, the additional time allowed for the stirring of alkynes and base in a 
DMSO solution in CO2 atmosphere was beneficial for stereoselectivity. This process allowed 
for propiolic acid formation in the system.16 Ranjit et al. reported the direct hydrothiolation 
reaction using propiolic acids as starting materials.19 Our observations from replication of 
experiments with Ranjit’s protocol,19 which were performed under air, led us to believe that a 
small amount of water was beneficial to the reaction. Experiments performed in a closed 
system or under an argon atmosphere did not yield the same published results. However, 
when the reaction was conducted in an open system or with trace amounts of water, the 
decarboxylation hydrothiolation reaction worked well to give high Z selectivity. The 
reductive coupling of propiolic acids and thiols did not occur in the absence of a Cu catalyst. 
Experiments with different combinations of variables were examined (Table 4.2). From these 
studies, one could conclude that the CO2 atmosphere was the determining factor in the 
stereoselectivity of the desired product, and the terminal alkyne was converted to a propiolic 
acid in CO2 atmosphere before a stereoselective decarboxylative hydrothiolation occured. 
However, the reaction mechanism of this decarboxylative hydrothiolation process has not yet 
been studied.19 The addition of thiophenols across propiolic esters has been examined, and 
was found to provide the resulting Z-selective (phenylthio)phenylpropenoic acid cleanly after 
acid work up.22 The decarboxylation of such acids was investigated further, whereby the as-
prepared Z-3-phenyl-2-(4-methoxyphenylthio)propenoic acid was subjected to several 
conditions (Scheme 4.6). The acid decarboxylated only in the presence of copper catalyst, 1.2 
equiv of K2CO3, and excess thiols in DMSO solvent, similar to the typical reaction 
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conditions in Schemes 4.3 and 4.4. Attempts to isolate such a propenoic acid intermediate in 
the reaction of 3a using equimolar amounts of copper or the addition of iodomethane were 
not successful. 
 




1.2 equiv K2CO3, DMSO, 25uL H2O
5mol% CuI
CO2 balloon
90°C, 16 h  








1 Y Y Y Y Best condition, 92% isolated 
yield, E:Z ratio: 10:90 
2 Y Y Y N 68% yield, E:Z ratio: 84:16 
3 Y Y N Y 27% yield, E:Z ratio: 28:72 
4 Y N Y Y 23% yield, E:Z ratio: 30:70 
5 N Y Y Y 77% yield, E:Z ratio: 55:45 
6 N Y Y N 83% yield, E:Z ratio: 71:29  
7 Y Y N N Yield undetermined, E:Z ratio: 
65:35 
a All reactions were performed with terminal alkyne (0.5 mmol), thiol (0.75 mmol), 5 mol% 
CuI catalyst, in the presence of 1.2 equiv of K2CO3, 25 μL of H2O and DMSO solvent (3 
mL), for 16 hours. b Isolated yields, average of 2 experiments c E:Z ratio determined by 1H 
NMR analysis.  
 








5 mol% CuI, DMSO, 90 oC
5 mol% CuI, DMSO, 90 oC, 1.2 equiv K2CO3












(D:75%) (D:51%)  
 
The role of water in the reaction was also examined. It is known that water can 
improve the yield of hydrothiolation of alkynes in the presence of an amine as a solvent and 
mediator through a hydrogen atom donation to vinyl radical intermediates.20 The addition of 
radical inhibitors (TEMPO) to the reaction mixture of the current system did not prove to be 
detrimental to both the yield and the selectivity, indicating that the reaction did not proceed 
via a radical mechanism. Reactions with diphenyl disulfide did not yield any results.13, 21 To 
understand the role of water in the reaction mechanism, experiments were performed using 
deuterated water (D2O) instead of H2O. It was found that the proton at the β position of the 
vinyl sulfide was mostly replaced by deuterium (D/H = 3/1, see Scheme 4.6 and Figures 4.1 
and 4.2). Meanwhile, the proton at the α position was 51% replaced by deuterium. This 
observation supported the proposed mechanism (Scheme 4.7) and also corresponded to the 
result of controlled H/D exchange experiments, in which the different deuterium substitution 
ratios at both the R- and β-positions were a result of the RSH/D2O deuterium_hydrogen 
exchange during the course of the reaction. The acidic proton in 4-methyl thiophenol was 
found to be partially replaced by deuterium (52%), when 2 equiv of D2O was mixed with the 
thiol and base in DMF-D7. Quenching of a typical reaction mixture with an aliquot of 
deuterated hydrochloric acid (DCl) in D2O did not result in the replacement of the protons 





Fig 4.1. NMR spectrum of 3b’ Styryl(p-tolyl)sulfane, with deuterium substitution at the α- 




Fig 4.2. NMR spectrum of (a) 3b Styryl(p-tolyl)sulfane,  (b) with deuterium substitution at 
the α- and β-position, with the replacement of H2O with D2O. Spectra were obtained for the 
range δ 7.0 – 6.4 ppm. 
 
4.3.5. Proposed Mechanism 
The proposed mechanism included the initial carboxylation of terminal alkyne (1) 
with CO2 to form propiolic acid (2). It is known that the electron density of the C-C triple 
bond of a propiolic acid is weaker16 as compared to that of an acetylene, due to the electron 
withdrawing nature of the carboxyl group. Thus, as the Cu center of the catalytic species 
approached the triple bond, the nucleophilic attack of the thiyl anion was induced.23 The 
reductive C-S coupling to form a cyclic alkene/carboxylate copper complex intermediate 3 
was the key step determining the stereoselectivity. The subsequent proton attack on the cyclic 
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intermediate (3) to the β-carbon generated intermediate 4. The newly coordinated thiol on 
intermediate 4 induced decarboxylation under the prescribed conditions (Scheme 4.5), 
releasing CO2 gas and furnishing the Z-vinyl sulfide (5).21 The diminished stereoselectivity 
observed for ethylnylbenzenes with electron-withdrawing groups could be attributed to the 
lower activity for carboxylation with CO2 under Cu(I)-catalyzed conditions.16 For 3ak, the 
competitive hydrothiolation of the alkynes occurred, instead of hydrothiolation of the 
propiolic acid intermediate, due to the slower rate of carboxylation of such alkynes. The 
presence of a σ-donor ligand was beneficial for the carboxylation of such inactive alkynes,16 
and as expected, a better selectivity was observed for 3al when TMEDA was used as a ligand 
for the reaction. 







In conclusion, a simple procedure for the stereoselective hydrothiolation of alkynes under 
CO2 atmosphere has been developed. To the best of our knowledge, this is the first instance 
of stereoselectivity determination with CO2 as a mediator. A cyclic alkene/carboxylate copper 
complex intermediate was proposed as the key step in determining the stereoselectivity, and 
an equivalent amount of water was found to play an active role as a proton donor. The 
reaction system was robust, and utilized inexpensive and readily available substrates. It 
provided a promising method for stereoselective Z-vinyl sulfides synthesis, and new insight 
into CO2 utilization. 
 
4.5. Notes 
This work was published in March 2012: S. N. Riduan, J. Y. Ying, Y. Zhang, 
“Carbon Mediated Stereoselective Copper-Catalyzed Reductive Coupling of Alkynes and 




















4.6. Supporting Data for Isolated Products 
3a Phenyl(styryl)sulfane19  
S
 
Isolated as a light yellow oil in 92% yield, E:Z ratio: 9:91. 1H NMR (CDCl3, 400 MHz) δ 
7.55 – 7.23 (m, 10H), 6.89 (d, 0.09 × 1H, 3JH-H = 15.2 Hz), 6.74 (d, 0.09 × 1H, 3JH-H = 15.6 
Hz), 6.60 (d, 0.91 × 1H, 3JH-H = 10.8 Hz), 6.51 (d, 0.91 × 1H, 3JH-H = 10.8 Hz). 13C NMR 
(CDCl3, 400 MHz) δ 136.7, 136.6, 136.4, 135.4, 132.0, 130.3, 130.0, 129.4, 128.96, 128.5, 






3b Styryl(p-tolyl)sulfane19  
S
 
Isolated as a light yellow oil in 87% yield, E:Z ratio: 10:90. 1H NMR (CDCl3, 400 MHz) δ 
7.54 – 7.15 (m, 9H), 6.86 (d, 0.1 × 1H, 3JH-H = 15.6 Hz), 6.65 (d, 0.1 × 1H, 3JH-H = 15.6 Hz), 
6.55 (d, 0.9 × 1H, 3JH-H = 10.8 Hz), 6.46 (d, 0.9 × 1H, 3JH-H = 10.8 Hz), 2.35 (s, 3H). 13C 
NMR (CDCl3, 400 MHz) δ 137.6, 136.8, 132.8, 130.7, 130.1, 128.9, 128.8, 128.5, 127.6, 





3c (4-Methoxyphenyl)(styryl)sulfane19  
S
OMe  
Isolated as a white solid in 88% yield, E:Z ratio: 13:87. 1H NMR (CDCl3, 400 MHz) δ 7.45 – 
7.23 (m, 7H), 6.99 – 6.88 (m, 2H), 6.83 (d, 0.13 × 1H, 3JH-H = 15.2 Hz), 6.51 (d, 0.13 × 1H, 
3JH-H = 15.2 Hz), 6.49 (d, 0.87 × 1H, 3JH-H = 10.8 Hz), 6.40 (d, 0.87 × 1H, 3JH-H = 10.8 Hz), 
3.82 (s, 3H). 13C NMR (CDCl3, 400 MHz) δ 159.7, 133.1, 128.9, 128.6, 128.5, 127.1, 127.0, 





3d 4-Chlorophenyl(styryl)sulfane19  
S
Cl  
Isolated as a white solid in 86% yield, E:Z ratio: 4:96. 1H NMR (CDCl3, 400 MHz) δ 7.52 – 
7.26 (m, 9H), 6.85, (d, 0.04 × 1H, 3JH-H = 15.4 Hz), 6.78 (d, 0.04 × 1H, 3JH-H = 15.4 Hz), 6.63 
(d, 0.96 × 1H, 3JH-H = 10.4 Hz), 6.42 (d, 0.96 × 1H, 3JH-H = 10.8 Hz). 13C NMR (CDCl3, 400 
MHz) δ 136.5, 134.9, 133.5, 133.0, 131.5, 131.2, 129.5, 129.0, 128.6, 128.2, 128.1, 127.6, 





3e 4-(Styrylthio)aniline19  
S
NH2  
Isolated as a brown solid in 76% yield, E:Z ratio: 4:96. 1H NMR (CDCl3, 400 MHz) 7.45 – 
7.21 (m, 7H), 6.82 (d, 0.04 × 1H, 3JH-H = 15.6 Hz), 6.70 – 6.64 (m, 2H), 6.44 (d, 0.96 × 1H, 
3JH-H = 10.8 Hz), 6.43 (d, 0.04 × 1H, 3JH-H = 15.6 Hz), 6.38 (d, 0.96 × 1H, 3JH-H = 10.8 Hz), 
3.76 (broad s, 2H). 13C NMR (CDCl3, 400 MHz) δ 146.2, 136.9, 134.4, 133.6, 131.8, 129.8, 







3f 3-(Styrylthio)aniline  
S NH2
 
Isolated as a brown solid in 76% yield, E:Z ratio: 5:95. 1H NMR (CDCl3, 400 MHz) 7.55 – 
7.50 (m, 2H), 7.42 – 7.33 (m, 2H), 7.29 – 7.23 (m, 1H), 7.16 – 7.09 (t, 1H), 6.89 (d, 0.05 × 
1H, 3JH-H = 15.6 Hz), 6.87 – 6.83 (m, 1H), 6.77 (t, 1H), 6.60 – 6.57 (m, 2H), 6.52 (d, 0.95 × 
1H, 3JH-H = 10.8 Hz), 3.72 (broad s, 2H). 13C NMR (CDCl3, 400 MHz) δ 147.1, 137.2, 136.7, 
130.2, 128.9, 128.5, 127.3, 127.1, 126.3, 120.3, 116.4, 114.3. HRMS (EI) calculated for 










Isolated as a brown solid in 79% yield, E:Z ratio: 5:95. 1H NMR (CDCl3, 400 MHz) δ 7.44 – 
7.16 (m, 7H), 6.81 – 6.71 (m, 2H), 6.68 (d, 0.05 × 1H), 6.52 (d, 0.95 × 1H), 6.35 (d, 0.05 × 
1H), 6.19 (d, 0.95 × 1H), 4.25 (broad s, 2H). 13C NMR (CDCl3, 400 MHz) δ 147.2, 137.2, 







3h Naphthalen-2-yl(styryl)sulfane19  
S
 
Isolated as a light brown solid in 92% yield, E:Z ratio: 10:90. 1H NMR (CDCl3, 400 MHz) δ 
8.0 – 7.2 (m, 12H), 6.98 (d, 0.1 × 1H, 3JH-H = 15.6 Hz), 6.79 (d, 0.1 × 1H, 3JH-H = 15.6 Hz), 
6.67 (d, 0.9 × 1H, 3JH-H = 10.8 Hz), 6.61 (d, 0.9 × 1H, 3JH-H = 10.8 Hz). 13C NMR (CDCl3, 
400 MHz) 136.6, 133.9, 132.4, 132.0, 129.2, 129.0, 128.9, 128.6, 128.3, 128.0, 127.9, 127.6, 






3i Benzyl(styryl)sulfane19  
S
 
Isolated as a light yellow oil in 92% yield, E:Z ratio: 12:88. 1H NMR (CDCl3, 400 MHz) δ 
7.46 – 7.18 (m, 10H), 6.72 (d, 0.12 × 1H, 3JH-H = 15.6 Hz), 6.52 (d, 0.12 × 1H, 3JH-H = 15.6 
Hz), 6.42 (d, 0.88 × 1H, 3JH-H = 10.8 Hz), 6.25 (d, 0.88 × 1H, 3JH-H = 11.2 Hz), 4.02 (s, 0.12 
× 2H), 4.00 (s, 0.88 × 2H). 13C NMR (CDCl3, 400 MHz) δ 137.6, 137.0, 129.6, 129.2, 129.0, 
128.8, 128.7, 128.4, 128.1, 127.6, 127.5, 127.2, 126.9, 126.2, 126.1, 125.8, 124.5, 39.7. 






3j (4-tert-butylbenzyl)(styryl)sulfane19  
S
 
Isolated as a light yellow oil in 94% yield, E:Z ratio 12:88. 1H NMR (CDCl3, 400 MHz) δ 
7.46 – 7.28 (m, 9H), 6.73 (d, 0.12 × 1H, 3JH-H = 15.2 Hz), 6.52 (d, 0.12 × 1H, 3JH-H = 15.6 
Hz), 6.42 (d, 0.88 × 1H, 3JH-H = 11.2 Hz), 6.28 (d, 0.88 × 1H, 3JH-H = 10.8 Hz), 3.99 (s, 0.12 
× 2H), 3.98 (s, 0.88 × 2H). 13C NMR (CDCl3, 400 MHz) δ 150.6, 137.2, 134.4, 129.3, 128.8, 
128.7, 128.4, 127.7, 126.8, 126.5, 125.8, 125.7, 125.6, 124.9, 43.1, 39.4, 37.1, 34.7, 31.5. 





3k 2-(Styrylthiomethyl)furan19  
S O
 
Isolated as a brown solid in 87% yield, E:Z ratio: 10:90. 1H NMR (CDCl3, 400 MHz) δ 7.43 
– 7.19, (m, 5H), 6.73 (d, 0.1 × 1H, 3JH-H = 15.6 Hz), 6.57 (d, 0.1 × 1H, 3JH-H = 15.6 Hz), 6.47 
(d, 0.9 × 1H, 3JH-H = 10.8 Hz), 6.34 – 6.23 (m, 4H), 4.0 (s, 0.1 × 2H), 3.97 (s, 0.9 × 2H). 13C 
NMR (CDCl3, 400 MHz) δ 150.97, 142.8, 142.7, 136.9, 128.8, 128.5, 127.0, 126.3, 125.7, 





3l Phenethyl(styryl)sulfane19  
S
 
Isolated as a light yellow oil in 89% yield, E:Z ratio: 8:92. 1H NMR (CDCl3, 400 MHz) δ 
7.49 – 7.20, (m, 10H), 6.68 (d, 0.08 × 1H, 3JH-H = 15.6 Hz), 6.51 (d, 0.08 × 1H, 3JH-H = 15.6 
Hz), 6.47 (d, 0.92 × 1H, 3JH-H = 10.8 Hz), 6.25 (d, 0.92 × 1H, 3JH-H = 10.8 Hz), 3.06 – 2.91 
(m, 4H). 13C NMR (CDCl3, 400 MHz) δ 140.2, 137.0, 128.8, 128.7, 128.4, 127.2, 126.9, 










Isolated as a light yellow oil in 91% yield, E:Z ratio: 9:91. 1H NMR (CDCl3, 400 MHz) δ 
7.51 – 7.19 (m, 5H), 6.73 (d, 0.09 × 1H, 3JH-H = 14.8 Hz), 6.47 (d, 0.09 × 1H, 3JH-H = 14.8 
Hz), 6.44 (d, 0.91 × 1H, 3JH-H = 10.4 Hz), 6.26 (d, 0.91 × 1H, 3JH-H = 10.8 Hz), 2.80 (t, 2H), 
1.70 (q, 2H), 1.45 (m, 2H), 0.95 (t, 3H). 13C NMR (CDCl3, 400 MHz) δ 137.2, 128.8 128.4, 










Isolated as a light yellow oil in 72% yield, E:Z ratio: 11:89. 1H NMR (CDCl3, 400 MHz) δ 
7.51 – 7.19 (m, 5H), 6.74 (d, 0.11 × 1H, 3JH-H = 15.6 Hz), 6.47 (d, 0.11 × 1H, 3JH-H = 15.6 
Hz), 6.44 (d, 0.89 × 1H, 3JH-H = 10.8 Hz), 6.26 (d, 0.89 × 1H, 3JH-H = 8.4 Hz), 2.80 (t, 2h), 
1.70 (m, 2H), 1.43 (m, 2H), 1.33 (m, 4H), 0.91 (t, 3H). 13C NMR (CDCl3, 400 MHz) δ 137.2, 










Isolated as a light yellow oil in 70% yield, E:Z ratio: 21:79. 1H NMR (CDCl3, 400 MHz) δ 
7.50 – 7.18 (m, 5H), 6.73 (d, 0.21 × 1H, 3JH-H = 15.6 Hz), 6.45 (d, 0.21 × 1H, 3JH-H = 15.6 
Hz), 6.43 (d, 0.79 × 1H, 3JH-H = 10.8 Hz), 6.25 (d, 0.79 × 1H, 3JH-H = 11.2 Hz), 2.78 (t, 2H), 
1.69 (m, 2H), 1.41 (t, 2H), 1.31, (broad s, 16H), 0.88 (t, 3H). 13C NMR (CDCl3, 400 MHz) δ 
137.3, 128.8, 128.4, 127.9, 126.9, 125.6, 125.5, 36.1, 32.8, 32.1, 30.5, 29.8, 29.7, 29.6, 29.5, 









Isolated as a white solid in 66% yield, E:Z ratio: 22:78. 1H NMR (CDCl3, 400 MHz) δ 7.50 – 
7.18 (m, 5H), 6.72 (d, 0.22 × 1H, 3JH-H = 15.2 Hz), 6.45 (d, 0.22 × 1H, 3JH-H = 15.2 Hz), 6.42 
(d, 0.78 × 1H, 3JH-H = 11.2 Hz), 6.25 (d, 0.78 × 1H, 3JH-H = 11.2 Hz), 2.78 (t, 2H), 1.67 (m, 
2H), 1.42 (m, 2H), 1.28 (broad s, 28H), 0.88 (t, 3H). 13C NMR (CDCl3, 400 MHz) δ 137.3, 
128.8, 128.4, 127.9, 126.6, 125.6, 125.5, 36.1, 32.8, 32.1, 30.5, 29.9, 29.8, 29.7, 29.6, 29.4, 









Isolated as a light yellow oil in 66% yield, E:Z ratio: 11:89. 1H NMR (CDCl3, 400 MHz) δ 
7.50 – 7.18 (m, 5H), 6.75 (d, 0.11 × 1H), 6.57 (d, 0.11 × 1H), 6.43 (d, 0.89 × 1H, 3JH-H = 10.8 
Hz), 6.33 (d, 0.89 × 1H, 3JH-H = 11.2 Hz), 2.92 – 2.88 (m, 1H), 2.09 – 2.04 (m, 2H), 1.83 – 
1.75 (m, 2H), 1.7 – 1.58 (m, 1H), 1.48 – 1.28 (m, 5H). 13C NMR (CDCl3, 400 MHz) δ 137.3, 






3r 2-(Styrylthio)pyridine19  
S N
 
Isolated as yellow solid in 42% yield, E:Z ratio: 4:96. 1H NMR (CDCl3, 400 MHz) δ 8.52 (d, 
1H), 7.59 – 7.52 (m, 3H), 7.41 – 7.37 (m, 3H), 7.30 – 7.28 (m, 1H), 7.10 – 7.08 (m, 1H), 6.88 
(d, 0.04 × 1H), 6.75 (d, 0.96 × 1H). 13C NMR (CDCl3, 400 MHz) δ 150.0, 136.8, 132.3, 













Isolated as a yellow oil in 64% yield, E:Z ratio: 10:90. 1H NMR (CDCl3, 400 MHz) δ 7.5 – 
7.2 (m, 5H), 6.72 (d, 0.1 × 1H, 3JH-H = 15.6 Hz), 6.48 (d, 0.1 × 1H, 3JH-H = 15.4 Hz), 6.45 (d, 
0.9 × 1H, 3JH-H = 11.2 Hz), 6.24 (d, 0.9 × 1H, 3JH-H = 11.2 Hz), 3.68 (s, 2H), 2.84 (m, 2H), 
1.8 – 1.6 (m, 4H), 1.31 (broad s, 1H). 13C NMR (CDCl3, 400 MHz) δ 137.1, 128.8, 128.4, 








Isolated as pale yellow solid in 51% yield, E:Z ratio 11:89. 1H NMR (CDCl3, 400 MHz) δ 
7.45 – 7.12 (m, 9H), 6.82 (d, 0.11 × 1H, 3JH-H = 15.6 Hz), 6.74 (d, 0.11 × 1H, 3JH-H = 15.6 
Hz), 6.58 (d, 0.89 × 1H, 3JH-H = 10.8 Hz), 6.44 (d, 0.89 × 1H, 3JH-H = 10.8 Hz). 2.37 (s, 3H). 
13C NMR (CDCl3, 400 MHz) δ 137.8, 137.2, 136.6, 135.8, 133.8, 132.6, 130.2, 129.3, 129.2, 









Isolated as pale yellow solid in 85% yield, E:Z ratio: 14:86. 1H NMR (CDCl3, 400 MHz) δ 
7.42 – 7.18 (m, 9H), 6.66 (d, 0.14 × 1H, 3JH-H = 15.2 Hz), 6.51 (d, 0.14 × 1H, 3JH-H = 15.2 
Hz), 6.47 (d, 0.86 × 1H, 3JH-H = 10.8 Hz), 6.21 (d, 0.86 × 1H, 3JH-H = 10.8 Hz), 2.37 (s, 3H). 
13C NMR (CDCl3, 400 MHz) δ 140.1, 134.3, 129.5, 129.1, 128.8, 128.7, 126.7, 126.1, 126.0, 








Isolated as a yellow oil in 60% yield, E:Z ratio: 14:86. 1H NMR (CDCl3, 400 MHz) δ 7.6 – 
7.2 (m, 5H), 6.96 – 6.92 (m, 2H), 6.92 – 6.84 (m, 2H), 6.72 (d, 0.14 × 1H, 3JH-H = 15.6 Hz), 
6.57 (d, 0.86 × 1H, 3JH-H = 10.8 Hz), 6.39 (d, 0.86 × 1H, 3JH-H = 10.8 Hz), 3.84 (s, 3H). 13C 
NMR (CDCl3, 400 MHz) δ 158.8, 132.9, 130.4, 130.1, 129.4, 129.3, 129.2, 127.6, 127.4, 






3ag (4-Aminostyryl)(phenyl)sulfane  
S
H2N  
Isolated as yellow oil in 42% yield, E:Z ratio 5:95. 1H NMR (CDCl3, 400 MHz) δ 7.40 –6.81 
(m, 9H), 6.59 (d, 0.05 × 1H, 3JH-H = 15.6 Hz), 6.46 (d, 0.05 × 1H, 3JH-H = 15.6 Hz), 6.35 (d, 
0.95 × 1H, 3JH-H = 10.8 Hz), 6.04 (d, 0.95 × 1H, 3JH-H = 10.8 Hz), 1.52 (broad s, 2H). 13C 
NMR (CDCl3, 400 MHz) δ 147.5, 136.9, 134.1, 134.0, 130.4, 129.9, 129.35, 129.3, 129.2, 






3ah (4-Phenylstyryl)(phenyl)sulfane26  
S
 
Isolated as yellow solid in 87% yield, E:Z ratio: 12:88. 1H NMR (CDCl3, 400 MHz) δ 7.61 – 
7.27 (m, 14H), 6.95 (d, 0.12 × 1H, 3JH-H = 15.6 Hz), 6.79 (d, 0.12 × 1H, 3JH-H = 15.6 Hz), 
6.65 (d, 0.88 × 1H, 3JH-H = 10.8 Hz), 6.55 (d, 0.88 × 1H, 3JH-H = 10.8 Hz). 13C NMR (CDCl3, 
400 MHz) δ 140.9, 139.9, 136.4, 135.7, 130.3, 129.4, 129.0, 127.55, 127.47, 127.2, 126.9, 








Isolated as yellow oil in 55% yield, E:Z ratio: 16:84. 1H NMR (CDCl3, 400 MHz) δ 8.10 – 
7.28 (m, 13H), 6.98 (d, 0.16 × 1H, 3JH-H = 14.8 Hz), 6.79 (d, 0.84 × 1H, 3JH-H = 10.4 Hz). 13C 
NMR (CDCl3, 400 MHz) δ 136.3, 133.2, 131.5, 130.1, 130.0, 129.4, 129.3, 128.8, 128.4, 









Isolated as yellow solid in 79% yield, E:Z ratio: 18:82. 1H NMR (CDCl3, 400 MHz) δ 7.55 – 
7.08 (m, 9H), 6.91 (d, 0.18 × 1H, 3JH-H = 15.6 Hz), 6.74 (d, 0.18 × 1H, 3JH-H = 15.6 Hz), 6.61 
(d, 0.82 × 1H, 3JH-H = 10.8 Hz), 6.53 (d, 0.82 × 1H, 3JH-H = 10.8 Hz), 4.70 (s, 2H), 1.98 
(broad s, 1H). 13C NMR (CDCl3, 400 MHz) δ 139.8, 136.0, 132.1, 130.2, 129.4, 129.1, 
120 
 
127.5, 127.4, 127.2, 127.0, 126.9, 62.3. HRMS (EI) calculated for C15H14OS, 242.0765, 






Isolated as pale yellow solid in 58% yield, E:Z ratio: 76:24. 1H NMR (CDCl3, 400 MHz) δ 
7.44 – 7.20 (m, 9H), 6.91 (d, 0.76 × 1H, 3JH-H = 15.6 Hz), 6.64 (d, 0.76 × 1H, 3JH-H = 15.6 
Hz), 6.57 (d, 0.24 × 1H, 3JH-H = 10.8 Hz), 6.53 (d, 0.24 × 1H, 3JH-H = 10.8 Hz). 13C NMR 
121 
 
(CDCl3, 400 MHz) δ 137.2, 135.9, 135.5, 131.9, 131.6, 130.5, 130.4, 129.8, 129.4, 129.3, 




3al (4-Bromostyryl)(phenyl)sulfane19  
S
Br  
Isolated as pale yellow solid in 66% yield, E:Z ratio: 12:88. 1H NMR (CDCl3, 400 MHz) δ 
7.44 – 7.20 (m, 9H), 6.91 (d, 0.12 × 1H, 3JH-H = 15.6 Hz), 6.64 (d, 0.12 × 1H, 3JH-H = 15.6 
122 
 
Hz), 6.57 (d, 0.88 × 1H, 3JH-H = 10.8 Hz), 6.53 (d, 0.81 × 1H, 3JH-H = 10.8 Hz). 13C NMR 
(CDCl3, 400 MHz) δ 137.2, 135.9, 135.5, 131.9, 131.6, 130.5, 130.4, 129.8, 129.4, 129.3, 









Isolated as pale yellow solid in 83% yield, E:Z ratio: 17:83. 1H NMR (CDCl3, 400 MHz) δ 
7.51 – 7.23 (m, 9H), 6.89 (d, 0.17 × 1H, 3JH-H = 15.6 Hz), 6.66 (d, 0.17 × 1H, 3JH-H = 15.6 
Hz), 6.55 (s, 0.83 × 2H). 13C NMR (CDCl3, 400 MHz) δ 135.6, 135.2, 135.1, 132.9, 130.4, 
130.2, 129.9, 129.6, 129.4, 129.3, 129.0, 128.7, 127.6, 127.4, 127.3, 127.2, 126.0, 124.8. 
C14H11ClS GC-MS: 246. 
 
 





Isolated as white solid in 44% yield, E:Z ratio: 19:81. 1H NMR (CDCl3, 400 MHz) δ 7.55 – 
7.08 (m, 9H), 6.82 (d, 0.19 × 1H, 3JH-H = 15.6 Hz), 6.71 (d, 0.19 × 1H, 3JH-H = 15.6 Hz), 6.58 
(d, 0.81 × 1H, 3JH-H = 10.8 Hz), 6.50 (d, 0.81 × 1H, 3JH-H = 10.8 Hz). 13C NMR (CDCl3, 400 
MHz) δ 163.7, 161.2, 136.1, 135.3, 132.9, 130.8, 130.0, 129.4, 127.7, 127.2, 126.4, 125.5, 
123.3, 115.9. C14H11FS, GC-MS: 230. 
 
 





Isolated as pale yellow solid in 78% yield, E:Z ratio 23:77. 1H NMR (CDCl3, 400 MHz) δ 
7.69 – 7.27 (m, 9H), 7.09 (d, 0.23 × 1H, 3JH-H = 15.6 Hz), 6.73 (d, 0.77 × 1H, 3JH-H = 10.8 
Hz), 6.56 (d, 0.23 × 1H, 3JH-H = 15.6 Hz), 6.55 (d, 0.77 × 1H, 3JH-H = 10.8 Hz). 13C NMR 
(CDCl3, 400 MHz) δ 141.1, 132.7, 132.3, 131.5, 131.4, 130.7, 129.65, 129.60, 129.2, 129.1, 
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Chapter 5: Conclusions and Future Directions 
5.1. Reduction of Carbon Dioxide to Methanol by Hydrosilanes over N-Heterocyclic 
Carbene Catalysts 
We have reported the reduction of CO2 to methanol with hydrosilanes as hydride 
donors, over N-heterocyclic carbene (NHC) organocatalysts.1 The reaction proceeds at 
ambient temperature and pressure, and present superior efficiency as compared to transition 
metal catalysts. Our catalytic system was also tolerant towards the presence of oxygen, a 
common drawback for transition metal catalysts. The catalytic reduction of CO2 by NHCs 
also provides for a highly selective silyl methoxide end-product in excess of 90% hydrogen 
transferring yield with gaseous CO2 or dry air as feedstock.  
The reaction was examined in detail, with our focus on the mechanism of the reaction.  
By combining DFT calculations with experimental investigations, it was observed that the 
reaction pathway consisted of a three-step cascade reaction, whereby all three steps were 
found to be exothermic and catalyzed by the NHC catalyst. The rate-limiting step was 
determined to be the first step that involved the hydrosilylation of carbon dioxide, producing 
a formoxysilane intermediate with the highest activation energy barrier (∆E = 19.6 kcal/mol). 
This explains the selectivity of the system towards a methoxide end-product, with an excess 
of 95% hydrogen-transferring yield or carbon yield. We also presented the successful 



















This study demonstrated the potential of CO2 reduction under mild conditions. 
However, the use of expensive hydrosilane impedes industrial application. The process takes 
place at ambient conditions, which requires no extra energy input for the transformation, in 
contrast to known processes for the hydrogenation of CO2 to methanol, offering the prospect 
of a carbon neutral process. However, the industrial synthesis of hydrosilane itself requires 
energy input,2 and the cost of the hydrosilane will drive up the cost of the methanol produced 
from such a process. Current cost of methanol for Asia-Pacific is 470 USD per metric ton, as 
compared 40, 000 USD per kg if synthesized via hydrosilylation of CO2.3 Handling large 
amounts of hydrosilanes in an industrial process will also be difficult due to the sensitive 
nature of the silane towards moisture in air.2 Alternatively, polymethylhydrosiloxane 
(PMHS), a common byproduct from silicone industry, could be used as a hydride source, as it 
is inexpensive, readily available, and relatively less sensitive to moisture.2 Other options 
include recycling spent hydrosilanes in the form of siloxanes via a reduction process to 
regenerate the active hydride donor, hydrosilanes; however, this process has yet to be 
realized. 
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Another promising alternative would be the use of molecular hydrogen as the hydride 
donor. In this case, there needs to be heterolytic dissociation of the hydrogen for the 
hydrogen to react with the activated carbon dioxide species. The heterolytic fission of the 
dihydrogen molecule with non-metal based, frustrated Lewis pairs have been the subject of 
intense research in the past few years,4 and it has also been expanded activate carbon 
dioxide.5 Ashley et al. has shown the combination of the two activation processes (of both H2 
and CO2) can be used to produce methanol, albeit at an elevated temperature of 160°C and 6 
days to effect a 25% conversion.6 The combination of a carbene-boron metal-free, frustrated 
Lewis pair activation of molecular hydrogen7 with activated CO2 species over NHC catalyst 
is an area worth pursuing. Alternatively, molecular hydrogen has also been shown to split 
heterolytically in the presence of zeolites8 and transition metals.9  
The expansion of the process to convert CO2 to methanol from a homogenous process 
to a heterogeneous one is certainly a step in the right direction towards large-scale industry 
realization, due to the ease of catalyst recyclability, with simple catalyst regeneration steps. A 
further step for current poly-NHC solid catalyst system would be the extension from a batch 
process to a continuous, flow type reactor, with the polymeric catalyst particles in packed 
bed. A limitation would be the long residence time required to effect the conversion, and 
hence, the use of a recirculating flow reactor will be necessary.10 Further characterization of 
the solid particles before its use in a packed bed flow circulator is also necessary, to ensure 
that the backpressure from the reactor is within acceptable limits, and that polymers do not 
swell after extended periods of use. 
The reduction of CO2 to methanol, at ambient conditions over an organocatalyst, is 
certainly a promising beginning, though the industrial realization of such a process will only 




5.2. Carbon Dioxide Mediated Stereoselective Coupling of Alkynes and Thiols 
We have also presented the development of a simple procedure for the stereoselective 
hydrothiolation of alkynes under CO2 atmosphere. To the best of our knowledge, this is the 
first instance of determining stereoselectivity with CO2 as a mediator. The reaction system 
was robust and utilized inexpensive, readily available catalysts and substrates. The optimum 
reaction conditions applied to a broad scope of substrates. A reaction mechanism has also 
been proposed, in which the stereoselectivity of the transformation was realized via the 
employment of a direct carboxylation reaction of terminal alkynes to form propiolic acids. 
Such propiolic acids were the intermediary species that would react selectively with thiols to 
form one stereoisomer over another. Water was also shown to play a role as a proton ferry for 
the reaction.  
In this case, CO2 was used as a tool for organic synthesis, whereby the reaction of a 
substrate with CO2 formed an intermediate for a stereoselective decarboxylation reaction. 
Such a concept can be extended to other decarboxylation-coupling reactions of propiolic acid 
species, which could not be realized by conventional coupling protocols such as Suzuki and 
Sonogashira coupling.11 Some of the promising applications for carbon dioxide mediated 
coupling reactions are outlined in Scheme 5.2.12 As development on the direct carboxylation 
reactions progresses, the concept of tandem carboxylation and decarboxylation as a method 
for C-C coupling may take off. 
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